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Abstract 
 
Parastagonospora nodorum (P. nodorum) is an important necrotrophic fungus 
on wheat causing significant yield losses in Australia per annum. It is now widely 
recognized that P. nodorum causes disease by secreting necrotrophic effectors 
(NEs) which induce necrosis on susceptible wheat leaves through an inverse 
gene for gene manner. Two of the NEs described are ToxA and Tox3. Previous 
reports have shown that ToxA and Tox3 are highly upregulated during infection. 
However, how these effectors are regulated and expressed is largely unclear. To 
better understand the transcriptional regulation of ToxA and Tox3, I conducted 
functional analyses on their promoter regions to identify the key factors for the 
regulation in P. nodorum. 
 
Being a necrotroph, P. nodorum tends to acquire nutrients from surrounding 
environment. It is therefore hypothesized that P. nodorum senses nutrients 
during infection to trigger the expression of the NE genes. By analyzing the 
ability of promoters to trigger gene expression under different nutrient condition, 
it was found that nitrogen sources such as nitrate and ammonium involved in 
expression of Tox3. On the other hand, the expression of ToxA was extremely 
weak in all tested media. Moreover, through promoter deletion analysis, I was 
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unable to identify a cis-regulatory element other than TATA box on the ToxA 
promoter. DNase I footprinting and yeast one-hybrid assay also did not identify 
protein candidates interacting with the ToxA promoter. Interestingly, the ToxA 
promoter showed ability to induce strong expression in the tested media after 
replacing the ToxA gene with GFP. In contrast, much lower GFP transcripts 
were observed in the presence of ToxA CDS when expressed under the same 
ToxA promoter. These results imply that ToxA may be regulated at 
transcriptional elongation or post-transcriptional stage.  
 
In previous studies, it is recognized that Tox3 was regulated by transcription 
factors. Nevertheless, none of the studies showed evidence of direct interaction. 
In this study, the promoter and expression of Tox3 was characterized. A 
combination of promoter deletion and DNase I footprinting experiments identified 
a 25 bp region (Tox3-URE1) on the Tox3 promoter as being required for 
transcription. Subsequent yeast one-hybrid analysis identified a C2H2 zinc 
finger transcription factor PnCon7 specifically interacting with Tox3-URE1. 
Silencing of PnCon7 resulted in the down-regulation of Tox3 in a dose 
dependent manner. Moreover, pathogenicity and expressions of two other 
necrotrophic effectors (ToxA and Tox1) were identified to be affected in an 
indirect way.  
vi 
 
 
Collectively, in my PhD study, I did not identify cis-regulatory elements or 
transcription factors responsible for the expression of ToxA. Alternatively, ToxA 
was found to be regulated at transcriptional elongation or post-transcriptional 
stage. On the other hand, the expression of Tox3 was largely upregulated when 
encountering specific nitrogen source. Furthermore, a C2H2 zinc finger 
transcription factor PnCon7 was found to specifically bind to the Tox3 promoter 
and regulated its expression through a dose dependent manner. This study 
highlights the latest understanding of how NEs are regulated at the 
transcriptional level in fungi and provides a fundamental research for future 
studies in transcriptional regulation of fungal virulence genes. 
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Nomenclature of genes and proteins  
All genes are presented in italics with the initial character capitalized (e.g. Tox3). 
Proteins are presented with the first character capitalized (e.g. Tox3). Deleted 
genes are in lower case italics (e.g. tox3).  
 
Abbreviations 
 
a.a.: amino acids 
bp: base pairs 
h: hour 
hpi: hours post inoculation 
HSs: hypersensitive sites 
Isoelectric point: pI 
kb: kilo base pairs  
kDa: kilo Dalton 
ko: knock out 
microRNA: miRNA 
milRNAs: microRNA-like RNAs 
NEs: necrotrophic effectors 
Pathogenesis-related proteins: PR proteins 
qRT-PCR: quantitative real-time PCR 
RNAi: RNA interference 
siRNA: small interfering RNA 
TF: transcription factor 
TSS: transcription start sites
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1.1  Parastagonospora nodorum, a necrotrophic pathogen of wheat 
The necrotrophic fungus Parastagonospora nodorum (telemorph: 
Phaeospheria nodorum) is the causal agent of Septoria nodorum blotch (SNB), a 
significant disease of wheat throughout the world. This disease results in 
water-soaked and chlorotic lesions on the leaves and glumes of wheat and has 
been reported to cause considerable yield losses worldwide. In Australia, it 
causes about 108 million dollars (AUD) losses per annum (Murray & Brennan, 
2009). Due to great financial impact caused by this fungus, there is an important 
need to understand the molecular basis of this disease. 
During disease development, asexual spores germinate and penetrate the 
epidermal cell walls or stomata which lead to invasive growth into the plant 
tissue. After several days, chlorosis starts to appear on the wheat leaf surface 
which then further develops into necrotic lesions. Afterwards, pycnidia (fungal 
fruiting bodies) start to form on the lesions. Pycnidia scatter throughout the leaf 
surface when they are mature and the pycnidiospores within the pycnidia 
disperse to neighboring leaves/plants by rain splash (Solomon et al., 2006). Thus, 
yield losses resulting from this disease often occur in areas of higher rainfall. 
While asexual spores are capable of short distance dispersion by rain splash, 
sexual spores are wind-dispersed and may contribute to secondary infections 
over long distances (Sommerhalder et al., 2011).  
The genome of this fungus was sequenced and annotated in 2007 (Hane et al., 
2007). As a non-obligate necrotroph, P. nodorum can easily grow on most kinds 
of media in the laboratory. Moreover, there have been several successful 
targeted gene disruption methods published for this fungus including 
PEG-mediated transformation (Solomon et al., 2003), Agrobacterium-mediated 
Shao-Yu Lin /Thesis 2017 
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transformation, and CRISPR-Cas9 system (unpublished data). As a result, this 
fungus serves as a versatile tool for studying the molecular basis of interactions 
between fungi and the plants. Although several genes involved in the primary 
metabolism of P. nodorum have been recognized as important for fungal 
pathogenicity, infection caused by this fungus is known to be governed by an 
inverse gene-for-gene system between necrotrophic effectors from the fungus 
and susceptibility genes in the wheat (Oliver et al., 2012). 
 
1.2  ToxA, Tox3 and Tox1 are important necrotrophic effectors in P. 
nodorum 
Necrotrophic effectors (NEs) (previously called host-selective toxins) are pivotal 
disease determinants of some necrotrophic fungal pathogens (Wolpert et al., 
2002). During infection, each of the NEs may interact with a host susceptibility 
gene, as a result, lead to effector-triggered susceptibility (ETS), which causes 
host cell death and disease development. Absence of either the effector or the 
host susceptibility gene gives rise to an incompatible or resistant response of the 
host plant, and as such this interaction is regarded as an inverse gene-for-gene 
system (Oliver & Solomon, 2010). While P. nodorum appears to express several 
NEs (Oliver et al., 2012), only three host specific necrotrophic effector proteins 
have been identified at the molecular level in the wheat-P. nodorum system. 
These proteins are designated ToxA, Tox3, and Tox1, and each of which interacts 
with a corresponding wheat susceptibility gene, Tsn1, Snn3, and Snn1. Previous 
studies have shown that necrosis is induced subsequent to infiltration of these 
effectors into susceptible wheat varieties and that disruption of these effector 
genes causes loss of pathogenicity on the wheat lines with corresponding 
susceptibility genes (Liu et al., 2009, Friesen & Faris, 2010, Liu et al., 2012, 
Shao-Yu Lin /Thesis 2017 
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Friesen et al., 2006).  
One of the best-characterized NE proteins is ToxA. ToxA is a 13.2 kDa protein 
containing two cysteine residues and an N-terminal pyroglutamate. The virulence 
of P. nodorum has been found to be largely dependent on the expression and 
activity level of ToxA between isolates and increasing activity of ToxA has been 
favored in evolution (Faris et al., 2011; Tan et al., 2012)., ToxA possesses an 
Arg-Gly-Asp (RGD) tripeptide that is 60% identical to the RGD loop of vitronectin, 
suggesting that it might be responsible for protein-protein interaction with more 
than one partner (Manning et al., 2004, 2007). The ToxA gene was likely to be 
horizontal transferred from P. nodorum to Pyrenophora tritici-repentis, the 
necrotrophic fungus causing tan spot on wheat. The horizontal transferred region 
consists at least 11kb upstream the ToxA gene and a constitutive promoter 
region is also included (Friesen et al., 2006). Although with sequence differences 
at the promoter region, the ToxA gene is completely identical in P. nodorum and 
P. tritici of which the functions are conserved between two fungi. ToxA in 
Pyrenophora tritici-repentis is reported to be localized into chloroplasts of 
sensitive wheat lines and interact with a chloroplast protein, ToxABP1. Moreover, 
the function of ToxA has shown to be light dependent, implying that ToxA may 
target photosynthesis (Manning & Ciuffetti, 2005; Manning et al., 2007). The 
wheat sensitivity gene corresponding to ToxA, Tsn1, has been cloned from wheat 
chromosome 5BL, and was identified as a resistance-like gene containing both 
nucleotide binding (NB) and leucine-rich repeat (LRR) domains, which are 
required for ToxA sensitivity (Lorang et al., 2007; Faris et al., 2010). Despite Tsn1 
is required for mediating ToxA recognition, Tsn1 protein does not directly interact 
with ToxA (Faris et al., 2010).  More recently, PR-1-type pathogenesis-related 
protein (PR-1-5) in wheat was found to directly interact with ToxA and this 
Shao-Yu Lin /Thesis 2017 
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interaction appears to promote ToxA-induced necrosis in the sensitive wheat line 
(Lu et al., 2014). PR-1 proteins are known to induce host defence responses 
against fungal infection (Van Loon & Van Strien, 1999). The host defence 
responses caused by ToxA have also been examined in other studies. In 
addition to PR proteins induction, analysis of ToxA-triggered responses in wheat 
shows rapid accumulation of defence related secondary metabolites and 
chloroplastic reactive oxygen species. An increase in tricarboxylic (TCA) cycle 
intermediates was also revealed subsequent to ToxA infiltration which suggests 
collapse of photosynthesis in wheat (Pandelova et al., 2009; Vincent et al., 2012; 
Du Fall & Solomon, 2013). 
The second effector gene cloned from P. nodorum was Tox3. Tox3 is a protein of 
19 kDa, and as with the other NEs in P. nodorum, Tox3 is cysteine rich with six 
cysteine residues which form 3 disulfide bridges for stabilizing the protein 
structure (Liu et al., 2009). The wheat sensitivity gene for Tox3 was identified on 
wheat chromosome arm 5BS and designated Snn3. Recently, another Tox3 
recognizing sensitivity gene is identified on Aegilops tauschii (the D-genome 
progenitor of polypoid wheat) chromosome arm 5DS (Zhang et al., 2011). This 
gene was therefore designated Snn3-D1 while the former identified wheat 5BS 
gene was designated Snn3-B1. Snn3-D1 is putatively homeologous to Snn3-B1 
and both genes are speculated to evolve from a common ancestor; however, 
both genes are not cloned. Since compatible Snn3-D1-Tox3 interaction is 
epistatic to compatible Snn3-B1-Tox3 interaction, the Snn3-B1-Tox3 interaction 
shows weaker effects and results in less necrosis on wheat (Zhang et al., 2011).  
Analysis of the transcriptome, proteome, and metabolome from Tox3 infiltrated 
wheat reveals that jasmonic acid, phenylpropanoid and pathogenesis-related 
(PR) proteins involved in the defence pathways are strongly induced and 
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breakdown of photosynthetic machinery was observed. Additionally, plant 
defence-related enzymes and amino acids involved in primary metabolism as 
well as defence-related secondary metabolites increased upon Tox3 inoculation 
(Winterberg et al., 2014). Being a unique protein in P. nodorum, Tox3 shares no 
similarity with other known effectors. Recently, a wheat pathogenicity-related 
protein (TaPR-1-1) has been shown to interact with Tox3. Unlike ToxA though, 
Tox3 interacts with multiple members of the wheat TaPR-1 family suggesting 
fundamental differences in the roles of these effector-PR-1 interactions (Breen et 
al., 2016).  
Tox1 is the most recent NE identified in P. nodorum. The Tox1 gene encodes a 
10.33 kDa polypeptide containing 16 cysteine residues that are important for the 
activity and stability of Tox1 (Liu et al., 2012). The wheat gene Snn1 confers 
sensitivity to Tox1 and is cloned on the short arm of wheat chromosome 1B (Liu 
et al., 2004; Reddy et al., 2008). Tox1 is prevalent in P. nodorum isolates 
worldwide especially those from South Africa and Australia (McDonald et al., 
2013). There are 11 protein isoforms of Tox1. Although a significant sequence 
difference, Tox1 is most similar to Avr4-like fungal effectors. It is recently known 
as a chitin binding protein which localized to the surface of mycelia and therefore 
protects the fungus from wheat chitinases during defence responses (Liu et al., 
2016). Moreover, Tox1 is required for fungal penetration and the Tox1-Snn1 
interaction is able to induce typical host defence responses such as oxidative 
burst, DNA laddering, and pathogenesis related (PR) gene expression (Liu et al., 
2012).  
ToxA, Tox3, and Tox1 are not only important for fungal virulence, but also 
specialization. After analyzing all nine Phaeosphaeria species infecting wheat 
and other grasses, the three effectors were only found 
Shao-Yu Lin /Thesis 2017 
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in P. nodorum and Phaeosphaeria avenaria f. sp. tritici 1 (Pat1), which suggests 
that they emerged as fungal specialized weapons for colonizing on wheat 
(McDonald et al., 2013). Regarding how these NEs interact with the wheat, ToxA, 
Tox3 and PR-1 protein interactions have been identified in recent studies; in 
addition, it is reported that the ToxA-Tsn1 and Tox1-Snn1 interactions are 
epistatic to the Tox3-Snn3 interaction, which implies that the Tox3-Snn3 
interaction might be a recessive interaction (Friesen et al., 2008; Phan et al., 
2016). Nevertheless, it is still unclear about the molecular basis of these 
interactions and how these NEs are involved in the infection process. Although 
NEs have been long studied in necrotrophic fungi, much of the research to date 
has focused on the fungal interactions with plants at the protein level. There 
have been very few reports about how these NEs are regulated at the gene 
level.  
 
1.3 Transcriptional regulation in fungi 
In eukaryotes, transcription is the first step of gene expression. During this step, 
gene information is copied to RNA by RNA polymerase and then utilized for 
synthesizing proteins. While transcription is the basis of cell activity, not all 
genes are expressed at the same given moment. In fungi, differential gene 
expression is dependent upon many factors including environmental conditions, 
cell types, and growth stages. Differential gene expression is also important for 
fungal infection strategies as some obligate biotrophs secrete proteins to prevent 
the host defence responses after penetration while some necrotrophs produce 
toxins to kill the host cell upon infection (Horbach et al., 2011). Although 
transcription is a well-known process, regulation of differential gene expression 
is extraordinarily complex and requires further investigation. Fungi employ 
Shao-Yu Lin /Thesis 2017 
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diverse mechanisms to regulate gene expression, including GC-skew, chemicals, 
nutrients (chapter 3) and transcription factors (chapter 1.4) acting at 
transcriptional initiation. Moreover, RNA polymerase II pausing and DNA 
methylation involve in the elongation step and RNA interference (RNAi) and 
alternative splicing (chapter 5) affects the post-transcriptional step.  
 
1.3.1 GC-skew 
TATA box and cis-regulatory elements are common transcription related motifs 
on the promoter region for regulating gene expression. However, these motifs 
usually bind with proteins for full function. It has been shown that DNA 
sequences also involve in controlling gene expression. GC-skew is an effective 
index for predicting transcription start sites (TSS) in many prokaryotic genomes 
with the leading strand tending to be G-biased and T-biased (Lobry, 1996). In 
Arabidopsis, highly-expressed genes are with a more dominated GC-skew in the 
TSS compared to genes with low expression levels. In unicellular fungi, it is 
found that most transcribed genes are C biased at the 5' end, intermediate at a 
central region, and G biased at the 3' end. It is proposed that DNA mutations 
caused by RNA polymerase II stalling and the gene-specific binding of various 
regulatory factors or DNA methylation may have strong effects on the degree of 
GC-skew. And therefore, GC-skew may act as a selective pressure for gene 
expression in fungi (Fujimori et al., 2005; McLean & Tirosh, 2011). 
 
1.3.2 Chemicals 
Promoters of some genes are found to activate by chemical treatment. In E.coli, 
for example the lac promoter is inducible by isopropyl 
β-D-1-thiogalactopyranoside (IPTG) treatment. This phenomenon is also well 
Shao-Yu Lin /Thesis 2017 
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reported in plants especially during defence responses. A synthetic chemical, 
benzothiadiazole, induces expression of a number of wheat genes that are also 
shown to be induced by pathogen infection, including the PR-1 gene (Görlach et 
al., 1996). Chemical-induced gene expression though is comparatively poorly 
understood in fungi but it has been demonstrated that chemical compounds do 
play an important role in regulating fungal gene expression. The alcA gene, 
encoding alcohol dehydrogenase I, is strongly induced by ethanol in Aspergillus 
nidulans (Sealy-Lewis & Lockington, 1984). Being a model system for 
fundamental research and applied biotechnology, this promoter has been utilized 
for overexpressing proteins in many filamentous fungi (Waring et al., 1989). 
Some antifungal chemicals interfere with either protein folding or transport in 
fungi resulting in protein degradation (Fostel & Lartey, 2000; Santos et al., 2009; 
Saquib et al., 2010). A new mechanism of transcriptional regulation has been 
recognized to function in response to protein secretion stress in filamentous 
fungi. The treatment of Trichoderma reesei cultures with DTT and BSA, chemical 
agents that block protein secretion, results in the down-regulation of genes 
coding for endogenous secreted proteins (Pakula et al., 2003).  
 
1.3.3 RNA polymerase II pausing 
RNA polymerase II being initiated and paused on the Drosophila heat shock 
gene (Hsp70) promoters has been reported and recognized as RNA polymerase 
II pausing. In many cases, RNA polymerase II pausing causes recruitment of the 
polymerase to other gene promoters and is therefore considered a key 
regulatory step for the expression of many developmental related and 
environment response genes (Andrulis et al., 2000; Zeitlinger et al., 2007). In 
Shao-Yu Lin /Thesis 2017 
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some cases, RNA polymerase II pausing may induce apoptosis or DNA damage 
triggering a series of signal transduction regulating genes for adaptation 
(Ljungman, 2010). Furthermore, this phenomenon is also observed in cells that 
need quick and synchronous gene expression (Boettiger & Levine, 2009). Until 
now, there are seldom reports on RNA polymerase II pausing for fungi despite 
this being a widespread phenomenon in eukaryotes, especially for cells 
responding to stimuli. Instead, another well-investigated phenomenon, DNA 
methylation, has been found to associate with regulating the transcription 
elongation step in filamentous fungi. 
 
1.3.4 DNA methylation 
DNA methylation is a prevailing phenomenon in fungi in which DNA sequences 
are methylated by DNA methyltransferases and that this modification is inherited 
as an epigenetic mark (Colot & Rossignol, 1999). DNA methylation can prevent 
the binding of basal transcription factors that require recognition of cytosine in 
the major groove of the double helix. Additionally, DNA methylation can 
suppress gene expression by directly blocking transcription elongation. In the 
filamentous fungus, Ascobolus immersus, repeated genes acquired by 
integrative transformation have been found to regularly lose their expression 
during the period between fertilization and karyogamy. DNA methylation 
appears to be associated with silencing the repeated genes and therefore this 
process has been termed methylation induced premeiotically (MIP). Silencing of 
these repeated genes is also found to happen with the absence of transcripts or 
the presence of truncated transcripts implying a putative relationship between 
methylation and DNA elongation (Barry et al., 1993) 
Shao-Yu Lin /Thesis 2017 
12 
 
Insertion of a transposon in the 5’ upstream of the am (NADP-specific 
glutamate dehydrogenase) gene results in an extremely unstable phenotype in 
Neurospora crassa. Consequently, methylation at the 5’ upstream region of am 
is recognized as required for expression (Cambareri et al., 1996). Later, 
repeat-induced point mutation (RIP) is manipulated to silence the am gene 
alleles and the effect of DNA methylation on transcription of the am gene in the 
N. crassa mutant defective of methylation was investigated. Heavily methylated 
promoter and coding region were demonstrated to inhibit am expression during 
elongation (Rountree & Selker, 1997). These results imply that gene silencing is 
a major consequence of DNA methylation and may be related with elongation 
blockage.  
 
1.3.5 RNA interference regulation 
The mechanism of small double-stranded RNAs in eukaryotes mediating 
post-transcriptional or transcriptional gene expression is called RNA interference 
(RNAi) or quelling in fungi (Hannon, 2002). RNAi can be further categorized into 
dicer-dependent groups or dicer-independent groups. The dicer-dependent 
groups include microRNAs (miRNAs) and small interfering RNAs (siRNAs). The 
dicer-independent groups contain the piwi-interacting RNAs (piRNAs) (Ghildiyal 
& Zamore, 2009). Similar to transcription factors (TFs), microRNAs (miRNAs) 
control gene expression by binding to various cis-regulatory elements. While 
TFs can positively or negatively regulate gene expression, most miRNAs appear 
to repress gene expression (Hobert, 2008). Since the first discovery of miRNA 
in C. elegans, miRNAs have been identified in organisms other than fungi, 
suggesting that miRNA pathways evolved independently in other organisms 
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(Lee et al., 2010). As a result, most of the RNAi studies in fungi have been 
focusing on siRNAs which have been identified in some yeasts and filamentous 
fungi (Cogoni & Macino, 1999; Kadotani et al., 2004; Drinnenberg et al., 2009). 
In the filamentous fungus N. crassa, 60 dsRNA-activated genes have been 
recognized and most of them are related with the RNAi machinery. These results 
have led to the suggestion of a putative transcription-based dsRNA response 
program in fungi for defending against viral infection and transposons 
(Choudhary et al., 2007). Although little is known about fungal miRNAs, several 
microRNA-like RNAs (milRNAs) have recently been discovered (Lee et al., 2010; 
Zhou et al., 2012; Kang et al., 2013; Chen et al., 2014; Dahlmann & Kück, 2015). 
In contrast to siRNAs, milRNAs do not require full complementarity to bind to the 
target mRNAs and can bind to multiple target mRNAs, mostly involved in 
DNA-repair mechanism. milRNAs have been shown to negatively regulate gene 
expression in N. crassa (Lee et al., 2010). Furthermore, it is acknowledged that 
milRNA-mediated gene silencing acts predominantly in post-transcriptional 
repression (Lee et al., 2010; Dahlmann & Kück, 2015). 
 
1.4 Transcription factors in fungi 
Transcription factors are one of the essential players for target gene expression 
in eukaryotes. During initial step of gene expression, TFs bind to specific 
cis-regulatory elements on the promoter region near the TSS and recruit other 
components relating to the transcription machinery (pre-initiation complex) 
through protein-protein interactions. Despite that TFs have been heavily studied 
in animals and plants, most of the fungal TFs have been recognized based on 
sequence predictions rather than experimental verification. Thus, the number 
and variety of fungal TFs are usually under estimated (Colot et al., 2006). The 
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rapid development in genome sequencing now provides reachable information 
for deciphering the roles of TFs in fungi (Todd et al., 2014). In many aspects, 
TFs decide the functionality and viability of a cell; hence, it is increasingly 
important to discover the whole repertoire and regulatory mechanism. 
 
1.4.1 Transcription factor families in fungi 
TFs in fungi are generally categorized by their DNA-binding domains. Using 
databases such as TRANSFAC, DBD and SCOP, 37 PFAM families and 12 
superfamilies of TFs are predicted in fungi, including 3 PFAM families and 3 
fungal specific superfamilies (Shelest, 2008; Todd et al., 2014). Meanwhile, in 
another study, proteins with DNA-binding domain were retrieved from the CFGP 
data warehouse and after removing the false positives, 61 putative TF families 
are recognized. A fungal TF database was also generated (FTFD: 
http://ftfd.snu.ac.kr/) (Park et al., 2008). According to these studies, the 
proportion of TFs among all encoding proteins in each genome range from 3-6% 
in the 62 sequenced fungal genomes which is comparable to plants (4-7%) and 
slightly lower than in animals and humans (over 9%) (Riaño-Pachón et al., 2007; 
Park et al., 2008). Two major groups of TFs can be easily distinguished in fungi; 
one of which controlling basal or general expression of genes and the other 
controlling regulatory or specific expression. The TFs controlling basal 
expression are usually required for the initiation of transcription or minimal 
expression of a gene (e.g. TATA-box binding protein).  In contrast, regulatory 
TFs bind to the promoter regions upstream or downstream of the basal 
transcription complex and may govern expression through constitutive, inducible, 
or suppressive ways (Brivanlou & Darnell, 2002; Reese, 2003).  
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To better understand the functions of fungal TFs, high-throughput gene 
knockouts have been performed in N. crassa and Fusarium graminearum. In 
these studies, 103 TF mutants were generated in N. crassa and 657 TF mutants 
in F. graminearum (Colot et al., 2006; Son et al., 2011). These studies provided 
a broad overview into the probable regulatory mechanism and roles of TFs in 
fungi. In general, TFs in fungi are required for morphogenesis, sexual 
development, asexual development, nutrient utilization, virulence, toxin 
production and stress response. Here, 28 universally identified regulatory TF 
families in filamentous fungi are listed in Table 1.1 and the functions of each 
family will be further discussed in the following section. 
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Table 1.1. Transcription factor families and their functions in filamentous fungi. TF families for basal expression are excluded 
from this table. 
Family name  Function in filamentous fungi 
Fungal 
specific 
APSES (bHLH) dimorphism, sporulation, mating, pathogenicity, appressorium development Y 
AT-rich interaction domain unknown N 
ATTS/TEA morphogenesis N 
bZIP oxidative stress response, nitrogen metabolism, morphogenesis, pathogenicity N 
Bromodomain unknown N 
CCAAT-binding factor amylolysis, cellulolysis, oxidative stress response N 
Ccr4-Not complex vegetative growth, sporulation, pathogenicity, mRNA decay N  
Grainy Head unknown N 
HMG box sexual differentiation, pathogenicity N 
Homeobox morphogenesis, sexual differentiation, pathogenicity N 
Helix-turn-helix morphogenesis, circadion clock N 
Jumonji unknown N 
Lambda repressor-like unknown N 
MADS-box cell wall stress response N 
Myb conidiation, sexual differentiation N 
MAT alpha 1 mating Y 
Ndt80/PhoG like carbon nutrient stress, anastomosis N 
OB-fold unknown N 
p53-like carbon nutrient stress, autolysis, conidiation N 
ssDNA-binding unknown N 
SGT1 unknown, DNA binding N 
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SART1 unknown, DNA binding N 
Tubby unknown, DNA binding N 
Winged helix (forkhead/RFX) morphogenesis, secondary metabolism N 
YL1 unknown N 
Zinc finger type     
Class III (C6) Zn2Cys6  carbon metabolism, nitrogen metabolism Y 
Class II (C4) GATA  nitrogen metabolism N 
Class I (C2H2) carbon metabolism, sexual and asexual reproduction N 
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1.4.2 Functions of transcription factors in filamentous fungi 
Although the functions of most TF families are unknown in filamentous fungi, 
several families of TFs have been the subject of detailed investigation which 
have revealed potential roles. 
 
Asexual development 
The helix-turn-helix protein family uses the helix-turn-helix structure for DNA 
recognition. This family is most studied in bacteria and Drosophila. This protein 
family is known to regulate the circadian system in fungi. For instance, the frq 
gene controls the circadian rhythm in N. crassa; hence, deletion of this gene 
results in change of conidiation time (Lewis et al., 1997). 
 
The Myb protein family utilizes a conserved Myb DNA binding domain to 
activate diverse cell processes, such as cell differentiation and apoptosis (Oh & 
Reddy, 1999). In Aspergillus nidulans, a Myb TF, FlbD, belongs to a group of 
developmental regulators responsible of the expression of the brlA gene for 
asexual reproduction. FlbD is known to work together with a bZIP type TF, FlbB, 
for triggering the expression of brlA. Mutations in flbD reduce the expression of 
brlA and cause defects in conidiation and peridium formation (Arratia-Quijada et 
al., 2012). The BrlA protein is a C2H2 zinc finger TF; which induces the 
expression of abaA and has a positive self-regulatory role. The AbaA protein is a 
member of the TEA (TEF-1, Tec1p, and AbaAp)/ATTS (AbaAp, TEF-1, Tec1p, 
and Scalloped) TFs and binds specifically upstream of several developmental 
genes, especially those previously been shown to be involved in conidiophore 
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development (Andrianopoulos & Timberlake, 1994). In summary, asexual 
reproduction in A. nidulans incorporates a series of TFs with different DNA 
binding domains.  
 
Sexual development 
The MAT alpha proteins are fungal specific transcription factors involved in 
mating. This protein family is distributed widely in yeasts, ascomycetes, and 
basidiomycetes. In yeast, the MATα1 protein acts cooperatively with a MADS 
(Mcm1, Agamous, Deficiens, SRF) box TF, Mcm1p, and activates the 
transcription of pheromone and pheromone receptor genes (Kelly et al., 1988). 
In filamentous fungi, proteins in this family are crucial for deciding the mating 
types during sexual reproduction (Casselton, 2002). 
 
The high-mobility-group (HMG) box family of TF can be further divided into two 
subfamilies based on binding specificity with the DNA sequence. In yeast and 
filamentous fungi, the HMG proteins have been reported to be crucial for sexual 
differentiation. In Schizosaccharomyces pombe, Mat1-Mc and Ste11 are two 
HMG proteins that participate in the sexual differential pathway for controlling 
mating type (Kjæ rulff et al., 1997). Similarly, in Coprinus cinereus, Pcc1 acts as 
a regulator for A-regulated sexual morphogenesis (Murata et al., 1998). Prf1 and 
Rop1 are HMG box TFs characterized in Ustilago maydis and found to be 
important for transferring pheromone signals and full pathogenicity (Brefort et al., 
2005).  
 
Homeobox TFs contain the homeodomain for DNA binding. This class of TFs 
are involved in sexual differentiation in fungi (Astell et al., 1981; Kelly et al., 1988; 
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Hull et al., 2005). In Podospora anserine and U. maydis, the homeobox TFs 
control hyphal morphology and sexual reproduction (Schulz et al., 1990; Arnaise 
et al., 2001). Eight homeobox TFs have been identified in Magnaporthe oryzae. 
Although not all of them are distinguished with specific functions in the rice 
pathogenic fungus, some regulate appressorium formation and therefore affect 
pathogenicity (Kim et al., 2009). 
 
Stress responses 
In yeast, the MADS (Mcm1p-Agamous-Deficiens-Serum Response Factor) box 
TFs have been reported to be crucial for responding to cell wall stress (Boorsma 
et al., 2004). The Aspergillus niger RlmA is an ortholog of the yeast MADS box 
TF, Rlm1p. RlmA binds to the promoter regions of two genes involving in cell 
wall stress response, agsA and gfaA, and therefore triggers the synthesis of 
chitin and α-1,3-glucan to reinforce cell wall (Damveld et al., 2005). 
 
The p53-like TFs share similar DNA binding domain with the well-described 
human tumor suppressor p53. In A. nidulans, the p53-like TF, XprG, plays an 
important role in carbon stress and autolysis. Autolysis is an independent 
pathway from autophagy although both of which are critical processes for fungi 
to obtain nutrients from the environment during starvation. XprG is also found to 
be associated with conidiation as deletion of the gene causes down-regulation of 
asexual development-related genes (Katz et al., 2013, 2015). The Ndt80/PhoG 
proteins belong to a subfamily of the p53-like TFs. VIB-1 is a homolog of XprG in 
N. crassa. The VIB-1 protein contains a highly conserved Ndt80/PhoG DNA 
binding domain, and like XprG, VIB-1 is required for regulating genes expressed 
during carbon starvation. Moreover, it is necessary for the expression of cell 
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death related genes (Dementhon et al., 2006). Suf is also an XprG homolog in F. 
oxysporum. Apart from the VIB-1 role in N. crassa, Suf presents a novel role as a 
nutrient-dependent negative regulator of anastomosis (Shahi et al., 2016).  
 
TFs with multiple subunits 
The CCAAT sequence is one of the most common cis-regulatory elements on 
the promoter regions of eukaryotic genes. The CCAAT-binding factor is a 
heterotrimeric complex of 3 subunits, all of which are required for binding to the 
CCAAT sequence (Steidl et al., 1999; Kato, 2005). AnCF is an A. nidulans 
CCAAT-binding factor, which is also called Hap complex. Hap complex has been 
shown to bind to the Taka-amylase A (taa) gene promoter and triggers the 
amylase activity. Moreover, the Hap complex may further activate expressions of 
some amylolytic genes, such as agdA (Kato et al., 2001; Tani et al., 2001). 
 
The Ccr4-Not complex is a highly conserved multi-subunit complex in 
eukaryotes. In yeast, the Ccr4-Not complex contains 9 core subunits which 
control diverse functions, such as negatively regulating genes that lack TATA 
boxes, positively regulating glucose-repressible enzymes, responding to DNA 
damage, degrading of specific RNAs, morphogenesis and virulence (Collart & 
Panasenko, 2012; Panepinto et al., 2013). Moreover, the complex has shown to 
mediate degradation of specific transcripts in A. nidulans (Morozov et al., 2010). 
In F. graminearum, deletion of one subunit of the complex, FgNot3, results in 
defective vegetative growth, impaired sporulation, and reduced virulence. In 
addition, it is found to be a negative regulator for secondary metabolite synthesis 
(Bui et al., 2016). Interestingly, the subunits of the Ccr4-Not complex can either 
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work within the complex or possess distinct functions outside the complex and 
therefore the entire roles of the complex in filamentous fungi remains unknown.  
 
Combined functions 
The APSES (Asm1, Phd1, Sok1, Efg1 and StuA) proteins are fungal specific 
TFs which share similar structures with the basic Helix-Loop-Helix (bHLH) TFs. 
The A. nidulans StuA was the first APSES transcription factor identified in fungi 
and is known to be essential for asexual sporulation and sexual development 
(Miller et al., 1992). The StuA homolog in Fusarium oxysporum, FoSTUA, is 
involved in the formation of macroconidia, microconidia, and chlamydospores; 
however mutation of this gene didn’t affect the pathogenicity (Ohara & Tsuge, 
2004). TFs with APSES domains usually share similar functions, for instance 
Asm-1(+) in N. crassa and ust1 in U. maydis, are both involved in 
morphogenesis and disease development in fungi (Aramayo et al., 1996; 
García-Pedrajas et al., 2010). The APSES TFs are also differentiated by diverse 
functions in specific fungi. An APSES transcription factor MoSWI6 has been 
found to interact with a protein kinase MoMPS1 and contributes to formation of 
the infection structure in M. oryzae (Qi et al., 2012).  
 
The basic leucine zipper (bZIP) TFs consist of a leucine zipper that mediates 
dimerization and an adjacent basic region that specifically interacts with DNA 
sequences. The M. oryzae bZIP TF MoAP1 is a homolog of yeast Yap1 that 
works as a redox sensor. Further investigation into the Moap1 mutant and 
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mutants of its downstream genes reveals that instead of sensing the redox levels, 
MoAP1 is a stage-specific regulator for morphogenesis and pathogenicity (Guo 
et al., 2011). MeaB encodes a bZIP TF that mediates nitrogen metabolite 
repression both in A. nidulans and Fusarium oxysporum (Wong et al., 2007; 
López-Berges et al., 2010). As well as being involved in a conserved nitrogen 
response pathway which may improve infection, MeaB also represses 
pathogenicity on tomato by controlling expression of virulence genes 
(López-Berges et al., 2010). 
 
The winged helix DNA binding proteins (subclass: forkhead TFs and regulator 
factor X (RFX) TFs) possess a winged helix-turn-helix binding motif and a highly 
conserved dimerization domain (Reith et al., 1990). In yeast, the RFX proteins 
are involved in DNA damage responses, morphogenesis and virulence (Huang 
et al., 1998; Hao et al., 2009). Acremonium chrysogenum is a filamentous 
fungus known to produce the antibiotic, cephalosporin C. A RFX TF, CPCR1 is 
found to regulate the biosynthesis of cephalosporin C and affects hyphal 
fragmentation. Moreover, a forkhead TF, AcFKH1, directly interacts with CPCR1 
and is necessary for its full function (Hoff et al., 2005). Another RFX TF was 
identified in opportunistic human pathogen Penicillium marneffei and is named 
RfxA. RfxA was shown to have important roles in cellular proliferation and 
differentiation which contributes to cell division (Bugeja et al., 2010). 
 
Zinc finger type TFs 
The zinc finger family accounts for the largest TF family in fungi. This type of TF 
forms a finger-like structure with zinc ions for stabilizing the structure to bind to 
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DNA motifs. According to the composition of the zinc finger, this family can be 
further categorized into three classes (MacPherson et al., 2006).  
Class I includes the Cys2His2 (C2H2) proteins in which 2 cysteines and 2 
histidines interact with one zinc ion to form a finger-like shape. It is a prevalent 
type of zinc finger TF in eukaryotes (Seetharam & Stuart, 2013). In fungi, several 
C2H2 TFs are involved in carbon metabolism such as ACEI in Trichoderma 
reesei (Aro et al., 2003); AmdA (Lints et al., 1995) and CreA (Dowzer & Kelly, 
1991) in Aspergillus nidulans. Some C2H2 TFs act as a regulator for gene 
expression during asexual reproduction (BrlA) (Arratia-Quijada et al., 2012) or 
sexual reproduction (SteA) (Vallim et al., 2000) in A. nidulans. Moreover, in 
some fungi, C2H2 TFs may have particular functions. For instance, Con7 in 
Magnaporthe oryzae and Fusarium oxysporum works as a master regulator for 
conidiation and pathogenicity (Odenbach et al., 2007; Ruiz-Roldan et al., 2015). 
PacC in Aspergillus sp. controls genes of the pH signal transduction pathway 
and pathogenicity  (Denison, 2000; Bignell et al., 2005). Rua1 in U. maydis and 
StzA in A. nidulans respond to stresses (O’Neil et al., 2002; Teichmann et al., 
2010). 
 
The GATA zinc finger TFs belong to class II Cys4 (C4) and usually harbour two 
zinc fingers binding to the GATA motif (Lentjes et al., 2016). Most of the GATA 
protein studies have been conducted in Aspergillus sp.. NsdD is reported to 
regulate sexual development and aflatoxin production in Aspergillus flavus (Cary 
et al., 2012). AreA and AreB are two well-known TFs which regulate gene 
expression under nitrogen limiting conditions (Platt et al., 1996; Wong et al., 
2009). Similarly, nit-2 in N. crassa activates nitrogen regulatory genes (Fu & 
Marzluf, 1990). The GATA protein Nut1 in M. oryzae also regulates nitrogen 
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regulation (Froeliger et al., 1996). Although most of the studies have shown that 
the GATA TFs function in nitrogen metabolism, some GATA TFs (CLNR1, FNR1, 
and NRF1) have been shown to affect pathogenicity (Pérez-García et al., 2001; 
Pellier et al., 2003; Divon et al., 2006). 
The Zn2Cys6 zinc finger includes six cysteine residues binding to two zinc ions. 
The class III Zn2Cys6 zinc finger proteins are fungal specific TFs and are 
universally conserved in fungi. The best-known Zn2Cys6 protein is the galactose 
metabolism regulator Gal4p in yeast (Zenke et al., 1996). Together with Gal4p, 
two Zn2Cys6 proteins, GalR and GalX in A. niger, have been shown to involve in 
D-galactose catabolism (Gruben et al., 2012). In addition to galactose 
catabolism, some Zn2Cys6 proteins have been identified to be involved in 
carbon metabolism. The Trichoderma ACEII and the Aspergillus XlnR are 
recognized to regulate cellulase and xylalase genes (Peij et al., 1998; Aro et al., 
2001). In A. nidulans, the AmyR protein is required for maltose and starch 
degradation and the FacB protein is responsible of acetate usage (Todd et al., 
1997; Tani et al., 2001). Some Zn2Cys6 proteins also regulate nitrogen 
utilization, such as A. nidulans NIRA and NIT4 for nitrate, N. crassa ARCA for 
arginine, and A. nidulans UaY for purine usage (Burger et al., 1991; Yuan et al., 
1991; Suárez et al., 1995; Empel et al., 2001). Additionally, the TamA protein 
works with AreA for nitrogen metabolite repression in A. nidulans (Small et al., 
2001). The Zn2Cys6 TFs also preserve unique functions in specific fungi. The 
RosA protein inhibits sexual differentiation in A. nidulans (Vienken et al., 2005) 
whilst CMR1 and PIG1 both play important role in melanin biosynthesis in 
Colletotrichum orbiculare (Tsuji et al., 2000). 
 
Most functional studies on fungal TFs have been conducted in yeast. Whilst 
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these studies have undoubtedly advanced the field, the results don’t necessarily 
translate to the filamentous fungi. Furthermore, despite the identification of TF 
homologs between fungal species, their roles are not necessarily conserved 
between species. Moreover, these homologs sometimes harbour diverse 
functions in distinct organisms. This further suggests a growing need for looking 
into the evolutionary separation when studying fungal TFs. In many studies, the 
expression of one gene is not always controlled by one TF. Multiple TFs seem to 
form a network for regulating gene expression and the interactions between 
these TFs are essential for their full function. Nevertheless, until now, our 
understanding of the complex regulatory protein networks is still very 
incomplete. 
. 
1.4.3 Transcription factors in P. nodorum 
There are approximate 486 putative TFs in P. nodorum, which account for about 
3% of the total annotated genes (Park et al., 2008). The largest numbers of TFs 
in P. nodorum belong to the zinc finger type (over 50%). The second most 
abundant TFs are the homeobox proteins, which are around 10% of the total 
TFs (Figure 1.1). There have been very few TFs characterized in P. nodorum 
although most of them are highly conserved in Ascomycetes. Mrg1 is a Zn2Cys6 
zinc finger TF upregulated when applying malayamycin, a fungicide. However, 
either knockout or overexpression of Mrg1 only affects sporulation but not 
sensitivity to malayamycin (Li et al., 2008). To date, two TFs (Pf2 (Chapter 4) 
and StuA (Chapter 5)) have been found to regulate ToxA and Tox3 expression. 
However, the regulatory mechanisms of these TFs and whether they directly 
regulate expression of these NEs are unknown. 
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Figure 1.1. Proportion and numbers of the TF families in P. nodorum
TF family name TF numbers in P.nodorum percentage
APSES (bHLH) 14 2.57%
AT-rich interaction domain 3 0.55%
bZIP 13 2.39%
Bromodomain 3 0.55%
CCAAT-binding factor 6 1.10%
Ccr4-Not complex 1 0.18%
Grainy Head 1 0.18%
HMG box 44 8.09%
Homeobox 57 10.48%
helix-turn-helix 12 2.21%
jumonji 7 1.29%
Lambda repressor-like 2 0.37%
MADS-box 2 0.37%
Myb 17 3.13%
MAT alpha 1 1 0.18%
Ndt80/PhoG like 2 0.37%
OB-fold 40 7.35%
p53-like 2 0.37%
ssDNA-binding 1 0.18%
SGT1 1 0.18%
SART1 1 0.18%
Tubby 1 0.18%
Winged helix (forkhead/RFX) 35 6.43%
YL1 1 0.18%
Zinc finger type 277 50.92%
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1.5 Aims of this study 
Despite the fact that the mode of action of the NEs has been a subject of 
extensive investigations, the elements and signals that regulate their expression 
are unclear. Interestingly, for the genes encoding the P. nodorum NEs, ToxA 
showed a remarkable increase in transcriptional accumulation 26 hours after 
inoculation on susceptible wheat lines, and followed by a fast decline (Faris et al., 
2011). Similarly, the transcription levels of Tox1 and Tox3 reached maximum 
three days post infection and significantly reduced five days post infection (Liu et 
al., 2009, Liu et al., 2012). In contrast, only very low levels of expression are 
recorded for any of these genes during axenic growth under normal conditions 
(Ipcho et al., 2012). However, growth under atypical conditions can induce some 
expression of the NE genes in vitro (i.e. the fungus requires static growth for up to 
4 weeks in liquid Fries medium for the expression) (Liu et al., 2009, Faris et al., 
2011). This suggests that expression of NEs requires specific external signals 
and environment.  
In the past studies, the promoter regions of these NEs have been analyzed (Liu 
et al., 2009, 2012; Faris et al., 2011). However, no specific cis-regulatory 
elements have been identified in the promoter regions. Several reports have 
though described that the expression of ToxA and Tox3 can be regulated by TFs 
(IpCho et al., 2010; Rybak et al., 2017). Nevertheless, there is no evidence 
showing whether or not these TFs can directly regulate the expression.  
In this thesis, my research is focused on providing a comprehensive insight into 
the transcriptional regulation of ToxA and Tox3. I aim to answer three main 
questions. 
 How nutrients affect the expression of ToxA and Tox3? 
 How is ToxA regulated at the transcriptional level? 
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 How is Tox3 regulated at the transcriptional level? 
In order to decipher the transcriptional regulation of ToxA and Tox3, I performed 
functional analyses on the promoter regions of ToxA and Tox3. In chapter 3, 
gene activation together with the GFP technique revealed specific nutrients 
triggering the expression of ToxA and Tox3. A combination of DNase I 
footprinting and yeast one-hybrid assay in chapter 4 identified the expression of 
ToxA may rely on transcriptional elongation or post-transcriptional regulation. 
Moreover, by using the same techniques, a C2H2 transcription factor PnCon7 
was characterized and its role for Tox3 expression was revealed in chapter 5.
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Chapter 2 
General materials and methods 
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2.1 Fungal material and growth condition 
Parastagonospora nodorum SN15 (Solomon et al., 2004), toxa knockout strain 
(toxako), tox3 knockout strain (tox3ko), and Bipolaris sorokiniana (BPIP27492) 
were stock cultures preserved in Solomon lab. Fungal strains were routinely 
maintained on V8-PDA plates (Campbell’s V8 juice, 150 mL/L; potato dextrose 
agar, 10 g/L; CaCO3, 3 g/L; agar, 15 g/L) and incubated at 22 °C under 12-h 
cycles of light. 
 
2.2 Plant materials 
Wheat lines, Grandin, BR34, BG261 (Friesen et al., 2006), BG220 (Friesen et al., 
2008), Axe and Corack (Australian Grain Technologies, Australia) were used in 
this study for gene expression and infection assays. Barley from Millthorpe was 
used for B. sorokiniana infection. All plants were grown at 20 °C under a 14-h 
day/night cycle in a controlled growth chamber. 
 
2.3 GFP constructs 
The vectors, pGpD-eGFP (Sexton & Howlett, 2001), PAN7-1 (Punt et al., 1987), 
and PAN8-1 (Punt, 1988) were used to generate GFP-tagged Tox3 expressing 
transformants and GFP-tagged ToxA expressing transformants of P. nodorum, 
respectively. PAN7-1 carries the hygromycin-resistance gene under the control 
of the Aspergillus nidulans gpd promoter and trpC terminator. Also, PAN8-1 
shares similar structure with PAN7-1, but carries the phleomycin resistance gene. 
The ToxA 2kb promoter and ToxA gene region were first amplified from the P. 
nodorum SN15 using the primer pair PAN-TOXAPRO-F1 and TOXA-GFP-R1. 
The ToxA 1002 bp promoter and ToxA gene region were amplified from SN15 
using the primers PAN-TOXAPRO-F1002 and TOXA-GFP-R1. The subsequent 
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promoter deletion fragments were amplified with each upstream primer 
PAN-TOXAPRO-F1002, PAN-TOXAPRO-F543, PAN-TOXAPRO-F481, 
PAN-TOXAPRO-F407, PAN-TOXAPRO-F354, PAN-TOXAPRO-F224, 
PAN-TOXAPRO-F204, PAN-TOXAPRO-F194, PAN-TOXAPRO-F188, 
PAN-TOXAPRO-F168 and PAN-TOXAPRO-F102 and a common downstream 
primer TOXAPRO407-GFP-R1. The ToxA 500bp terminator region was 
amplified with the primer pair GFP-TOXATER-F1 and TOXATER-PAN-R1. 
GFP-tagged ToxA expressing construct (pToxA(ToxA)GFP) was developed 
based on the Gibson assembly system (New England Biolabs). To develop 
pToxA(ToxA)GFP, eGFP was amplified by the primer pair TOXA-GFP-F1 and 
GFP-TOXATER-R1. The PCR products of ToxA promoter-ToxA, eGFP and ToxA 
terminator were then cloned into the vector PAN8-1 following the manufacturer’s 
manual. A negative control of no promoter construct (∆p(ToxA)GFP) was also 
made by replacing the primer PAN-TOXAPRO-F1 with PAN-TOXA-F1 then 
following the same cloning procedure. A construct with shorter ToxA promoter of 
1002 bp was built following the process in figure 3.9 and designated 
pToxA1002(ToxA)GFP. The promoter deletion constructs were built following the 
same system (Figure 4.1). The constructs and the transformants were named 
pToxA(1002)GFP, pToxA(543)GFP, pToxA(481)GFP, pToxA(407)GFP, 
pToxA(354)GFP, pToxA(224)GFP and pToxA(102)GFP, according to the length 
of each promoter fragment in the bracket. Similarly, The Tox3 1.5kb promoter 
and gene coding region were first amplified from the P. nodorum SN15 using the 
primer pair PAN-TOX3PRO-F1 and TOX3-GFP-R1. The subsequent promoter 
deletion fragments were amplified with each upstream primer 
PAN-TOX3PRO-F279, PAN-TOX3PRO-F237, PAN-TOX3PRO-F212 and 
PAN-TOX3PRO-F163 and a common downstream primer TOX3PRO-GFP-R1. 
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The Tox3 408bp terminator region was amplified with the primer pair 
GFP-TOX3TER-F1 and TOX3TER-PAN-R1. To develop a GFP-tagged Tox3 
expressing construct (pTox3(Tox3)GFP), the PCR products of Tox3 
promoter-Tox3, eGFP, and Tox3 terminator were then cloned into the vector 
PAN7-1 using Gibson assembly system (Figure 3.1). A negative control of no 
promoter construct (∆p(Tox3)GFP) was also built by replacing 
PAN-TOX3PRO-F1 with PAN-TOX3-F1 and followed the same procedure in 
figure 3.1. The promoter deletion constructs were built by ligating the promoter 
fragment with GFP and terminator according to the Gibson assembly system. 
The constructs and the transformants were named pTox3(279)GFP, 
pTox3(237)GFP and pTox3(163)GFP, according to the length of each promoter 
fragment in the bracket. pToxA(ToxA)GFP and pToxA1002(ToxA)GFP were 
transformed to the toxako mutant, and transformants were screened by adding 
phleomycin to a final concentration of 50μg/mL. In addition, pTox3(Tox3)GFP 
was transformed to the tox3ko mutant, and transformants were selected by 
adding hygromycin to a final concentration of 200μg/mL. Each of the promoter 
deletion constructs was transformed to SN15 and the transformants were 
screened by adding hygromycin. All primer sequences were listed in Table 6.1. 
 
2.4 Fungal transformation 
2.4.1 P .nodorum transformation  
All P. nodorum transformations in this study were carried out using the 
PEG-mediated transformation methods as described (Solomon et al., 2003). 
Gene insertion of pToxA(ToxA)GFP and pToxA1002(ToxA)GFP transformants 
were screened by primers (PAN-F1 and ToxA-GFP-R1). Likewise, gene insertion 
of pTox3(Tox3)GFP transformants were screened by primers (PAN-F1 and 
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Tox3-GFP-R1). Gene insertions of all other GFP transformants of ToxA were 
screened by primers (PAN-F1 and TOXATER-PAN-R1). Gene insertion was 
screened using the primer pair (GFP-F1 and TOX3TER-PAN-R1) for all other 
GFP transformants of Tox3. Integration of the PnCon7 silencing cassette was 
confirmed by primers (pBAR-Con7-F1 and pBAR-Con7-R1).  
 
2.4.2 Bipolaris sorokiniana transformation 
B. sorokiniana transformation was carried out via PEG-mediated method. 
Protoplast preparation was performed according to the methods as described 
(Zhong et al., 2002). The following transformation step was manipulated as 
previously described for P. nodorum.  
 
2.4.3 Yeast transformation 
The yeast transformation followed the Frozen-EZ Yeast Transformation II Kit™ 
(ZymoResearch) as the manufacturer's instructions. Plasmid integration of Y187 
transformants were confirmed on selective media (-Leu) and PCR.  
 
2.5 Fungal DNA extraction 
 DNA extraction was prepared for PCR screening of transformants or copy 
number verification. Fungal total mycelia were scratched off from 14-day-old 
colony on V8-PDA. Mycelia were frozen in liquid nitrogen and homogenized by a 
tissuelyser. The DNA extraction was performed by a phenol-free method 
(Maréchal-Drouard & Guillemaut, 1995). 
 
2.6 Pathogenicity assays 
Fungal inoculation was conducted at the two-leaf stage of wheat. Spores were 
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collected after growing for two weeks on V8-PDA and washed twice in distilled 
water. Spores were then resuspended in distilled water with 0.02% tween 20 to a 
final concentration of 1x106/mL. The spore suspension was sprayed on the 
wheat leaves with a paint sprayer. The inoculated plants were kept in a wet 
chamber for 24 hours before being moved to a 20 °C growth chamber under a 
14-h day/night cycle. At least two strains of each transformation were selected 
and a minimum of three plants of each assay were evaluated for pathogenicity. 
Each experiment was performed with three replicates.  
Detached leaf assays (DLAs) were performed as described previously 
(Benedikz et al., 1981). Briefly, sections of 14-day-old wheat leaves of 
approximately 3 cm in length were placed on water agar containing 150 mg/liter 
benzimidazole with the ends submerged in the agar. 5μl of spore suspension 
with 0.02% tween 20 to a final concentration of 1x106/mL was inoculated on to 
the leaf surface. The DLA plates were incubated at 20°C in a 14-h day/night 
cycle. Disease symptoms were assessed visually. Each experiment was 
repeated on 10 individual leaves. 
 
2.7 Western blot 
Yeast total proteins were resolved by 11% SDS–PAGE and proteins were 
transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA) using the Mini 
Trans-Blot®  system (Bio-Rad) as previously described (Orkin, 1990). HA-protein 
fusions were detected by anti-HA High Affinity from rat (Roche, Castle Hill, NSW, 
Australia) followed by an anti-rat IgG HRP from goat (Sigma-Aldrich® ). Protein 
bands on blot were detected using ECL substrate (Bio-Rad) and visualized by 
ImageQuant4000 (GE Healthcare, Silverwater, TX, USA). 
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2.8 Quantitative real-time PCR 
Fungus was incubated in liquid Fries medium for 2-3 days. Mycelia were 
collected and isolation of total RNA was performed using the TRIzol reagent (Life 
Technologies). Possible DNA contamination was removed by using a DNA-free 
reagent (Life Technologies) according to the manufacturer’s instructions. cDNA 
was synthesized from 0.5μg of RNA using a cDNA synthesis kit (Promega). 
Genomic DNA was obtained as described in section 2.5 for copy number 
analysis. Quantitative PCR (qPCR) was performed using the ViiA™ 7 Real-Time 
PCR System (Applied Biosystems) and the Fast SYBR Green Master mix 
(Applied Biosystems) in reaction volumes of 10 μl. qPCR primers used in this 
study were listed in Table 6.1. Each sample was amplified in quadruplicate. The 
thermal cycling condition was as follows: a pre-run at 95 °C for 20 sec, 40 cycles 
with a 1 s denaturation step at 95 °C followed by a 60 °C annealing and 
extension step for 20 s according to the Fast SYBR Green manual. A 
no-template control (negative control) was also included in each assay. Relative 
gene expression value was calculated by normalizing against the endogenous 
control γ-actin.
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Chapter 3 
A characterisation of the effect of nutrients on 
Tox3 and ToxA gene expression 
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3.1 Introduction 
 
In chapter 1, several important strategies were discussed on how fungi regulate 
their gene expression at the transcription level. During host infection, it is 
necessary for fungi to adopt some strategies to adapt in the environment. As a 
result, these pathogens need to sense the change of environmental signals to 
control the expression of genes, and many of the environmental signals that 
fungi perceive are nutrients. Fungi are capable of sensing the nutrient condition 
inside their cells or acquiring the essential nutrients from the external 
environment for regulating the gene expression.  
There are previous reports demonstrating that nutrients such as carbon and 
nitrogen play a role in fungal gene expression including effector genes (Divon & 
Fluhr, 2007).  Effector genes are usually weakly expressed in vitro but 
up-regulated during infection; therefore are recognized as important virulence 
factors (de Jonge et al., 2011). There are several reports linking nitrogen 
starvation with the expression of effector genes. Cladosporium fulvum is a 
biotrophic fungus causing leaf mould on tomato. Avr9 is one of the avirulence 
proteins secreted by C. fulvum during infection (Van den Ackerveken et al., 
1992). A study of Avr9 gene expression during growth in axenic culture revealed 
that it was highly induced under nitrogen limitation conditions; however, the 
expression of other identified effector genes in this pathogen was unaffected by 
nitrogen levels in vitro (Thomma et al., 2006). Similarly, the Colletotrichum 
gloeosporioides virulence gene CgDN3 is known to be activated at early stage of 
infection by nitrogen starvation (Stephenson et al., 2000). Genome-wide 
analysis of gene expression under nitrogen starvation by microarray reveals 
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up-regulation of SPM1 which is related to usage of nitrate and pathogenicity in 
Maganaporthe oryzae (Donofrio et al., 2006). Nitrogen starvation is recognized a 
stage specific condition rather than a continuous condition, hence, it is proposed 
that growth in nitrogen limited media mimics the environment that a pathogen 
encounters during early growth in planta and triggers the genes for early 
development and pathogenicity (Bolton & Thomma, 2008).  
However, several virulence effector genes are not induced in response to 
nitrogen starvation. In Ustilago maydis, MIG1 and the MIG2 gene cluster are 
genes strongly induced during plant infection but are not triggered by nitrogen or 
carbon starvation (Basse et al., 2000, 2002). CPS1 is a general fungal virulence 
factor in ascomycetes and is not triggered by nitrogen or carbon sources (Lu et 
al., 2003). SIX1 from Fusarium oxysporum is strongly activated during growth in 
planta but is not induced by nitrogen or carbon starvation (van der Does et al., 
2008). MgLysM from the wheat pathogen Mycosphaerella graminicola is 
expressed at the symptomless stage of infection and the expression is found not 
responsive to nitrogen limitation (Marshall et al., 2011).  
Consequently, whilst it is now recognized that the nutrient status impacts upon 
the expression of some virulence genes in plant pathogenic fungi, this 
phenomenon has yet to be addressed in P. nodorum. As such, in this chapter, I 
focus on dissecting the impact of the nutritional environment to assess its role in 
the regulation of the ToxA and Tox3 effector genes in P. nodorum. 
 
3.2 Chapter specific methods 
 
3.2.1 Culture condition 
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SN15 and GFP-expressing transformants were grown on V8-PDA for two weeks. 
The spores were collected, and washed twice with distilled water. Spores were 
added to the tested media to a final concentration of 105/mL. Tested media 
including modified liquid Fries medium (5 g of ammonium tartrate, 1.0 g of 
ammonium nitrate, 0.5 g of magnesium sulfate, 1.3 g of dipotassium phosphate, 
2.6 g of monopotassium phosphate, 30 g of sucrose, 1.0 g of yeast extract, 2 mL 
100X trace element stock, per liter), liquid minimal medium (30 g of sucrose, 2 g 
of sodium nitrate, 1.0 g of dipotassium phosphate, 10 mL 100X trace element 
stock, per liter), 100X trace element stock (50 g potassium chloride, 50 g 
magnesium sulfate, 1.0 g zinc sulfate, 1.0 g iron (II) sulfate, 0.25 g copper (II) 
sulfate, per liter). Minimal medium minus sodium nitrate (MM-N), minimal 
medium minus sucrose (MM-C), minimal medium minus sucrose and sodium 
nitrate (MM-C-N), wheat leaf extracts (2 grams of Grandin second leaf was 
grounded in 20 ml water and the resulting supernatant was either autoclaved or 
filter sterilized), PDB (Bacto Potato Dextrose Broth, Difco), Grandin leaf 
washings and Grandin leaf wax were prepared according to the method of 
Zelinger (Zelinger et al., 2006). Briefly, the leaf washings were obtained by 
vortexing leaf in water for 30s. The leaf wax was extracted in chloroform. 200 μl 
of spore suspension in the tested media was added to 96-well plates with black 
walls (Costar, Corning, NY). Plates were incubated at 22 °C under 12-h cycles of 
light for 5 days. Plates were subjected to GFP analysis by a fluorometer from 
day 3 to day 5. Each experiment was performed with three technical repeats and 
three biological repeats. 
 
3.2.2 Fluorescence detection of GFP 
3.2.2.1 GFP detection by a fluororescence microscope 
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GFP fluorescence was observed using an upright microscope Leica DM5500 
equipped with a filter set consisting of a blue excitation filter (BP 480/40 nm), a 
dichromatic mirror (DM 505nm), and a suppression filter (BP 527/30). Spores 
were first collected from two-week-old fungus and suspended in 0.02% tween 20 
until reached the concentration of 106 /ml. 10μl of spore solution was then 
inoculated on a detached wheat leaf or in 10μl potato dextrose broth (PDB, 
Difco) and kept in 22 °C wet chamber before microscope observation. At least 8 
independent transformants from each transformation were examined for their 
GFP expression. 
 
3.2.2.2 GFP detection by a fluorometer 
Measurement of relative GFP expression was conducted by a fluorometer 
(Tecan Infinite M1000 Pro) with an excitation wavelength of 485 nm and 
emission wavelength of 515 nm. Absorbance was read at 415 nm. The wild type 
fungus, SN15, was used as a substrate control to subtract baseline fluorescence 
from the sample wells. The relative fluorescence units (RFUs) were calculated 
as following: 
 
RFUs = (Fluorescence reading of GFP strain/ A415 nm of GFP strain) - 
(Fluorescence reading of SN15/ A415 nm of SN15 strain). 
 
Each experiment was performed with three technical repeats and three 
biological repeats. Statistical significance was assessed by ANOVA followed by 
t-tests. 
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3.3 Results 
 
3.3.1 GFP-tagged Tox3 complemented pathogenicity of the tox3ko mutant 
GFP-tagged Tox3 was used in this chapter to evaluate the expression level of 
Tox3 in each different nutrient condition. To verify whether the introduced 
GFP-tagged Tox3 was expressed and functional in P. nodorum, the GFP-tagged 
Tox3 was transformed in the mutant which is unable to produce Tox3 (tox3ko). 
The tox3ko mutant was generated by replacing the Tox3 gene with a phleomycin 
resistance gene through homologous recombination (unpublished data). To 
generate the GFP-tagged Tox3, the plasmid containing GFP-tagged Tox3 
expressed under the 1.5kb Tox3 promoter (pTox3(Tox3)GFP) was cloned 
(Figure 3.1) and introduced into the tox3ko mutant by random insertion. More 
than 24 transformants were selected on medium containing hygromycin.  
Shao-Yu Lin /Thesis 2017 
43 
 
 
 
 
Figure 3.1. Gibson assembly diagram of pTox3(Tox3)GFP construct. 1.5 kb Tox3 
native promoter (P
Tox3
) with the Tox3 gene, GFP, and 500 bp Tox3 terminator 
(T
Tox3
) were amplified and cloned in the XbaI site of the vector. The overlapping 
regions on primers for Gibson assembly were presented by bold lines. Primers: 
PAN-TOX3PRO-F1, TOX3-GFP-R1, TOX3-GFP-F1, GFP-TOX3TER-R1, 
GFP-TOX3TER-F1 and TOX3TER-PAN-R1 . 
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The insertion of the intact Tox3 promoter and gene was checked by PCR (Figure 
3.2A) with amplification of a 2 kb fragment identifying transformants harbouring 
an intact insertion (and were subsequently named Tox3GFP). The Tox3GFP 
transformants were tested for their ability to cause disease on a Tox3 sensitive 
wheat line (BG220). Two Tox3GFP transformants demonstrated wildtype-like 
pathogenicity on BG220 while virulence of the tox3ko mutant was much reduced 
(Figure 3.2B) confirming that Tox3 function was restored in the transformants 
and was unaffected by co-expression with GFP. These two transformants were 
selected and subjected to the subsequent GFP analysis. 
The expression and localization of GFP within the Tox3GFP transformants was 
assessed. Only extremely weak GFP expression was observed during growth in 
PDB. In contrast, much stronger fluorescence was evident in hypha during 
pathogen growth in planta (Figure 3.3). No fluorescence was observed in P. 
nodorum strain harbouring a promoter-less GFP-tagged Tox3 (∆p(Tox3)GFP) 
confirming that the observed fluorescence was not autofluorescence from the 
fungus or the plant and the GFP expression was specifically triggered by the 
Tox3 promoter.  
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Figure 3.2. pTox3(Tox3)GFP complemented Tox3 function in the tox3ko mutant. 
(A) PCR screening and verification of the Tox3-GFP cassete insertion. The 
primers PAN-F1 and Tox3-GFP-R1 amplified a 2.0 kb fragment in transformants 
habouring the Tox3 promoter and Tox3. (B) pTox3(Tox3)GFP restored loss of 
pathogenicity of the tox3ko mutant. First leaves of BG220 were sprayed with the 
spores from SN15, tox3ko, and the Tox3GFP transformants. The result was 
photographed 9 days post inoculation. Tox3GFP transformants induced necrosis 
on BG220 while tox3ko did not.  
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Figure 3.3.  Expression and localization of GFP-tagged Tox3 during fungal 
growth in vitro and in planta. GFP expressed in Tox3GFP transformants. 
∆p(Tox3)GFP and tox3ko were used as negative controls. Conidia of the 
transformants were incubated either in PDB for 24 h or inoculated on BG220 for 
24 h. DIC: differential interference contrast. The expression of GFP was 
observed by epifluorescence microscopy. Arrows denote hypha. Scale Bar= 100 
μm. 
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3.3.2 Tox3 expression was induced in Fries medium 
 
In order to understand whether Tox3 expression was activated by nutrients, 11 
different growth media were tested for their ability to induce the expression of 
GFP-tagged Tox3. The 11 media trialed represented a diverse array of carbon 
sources, nitrogen sources, and other types of nutrients. Tox3GFP-1 spores were 
incubated in each of the media and GFP fluorescence was recorded daily. 
Relative fluorescence units (RFUs) were calculated according to the equation 
indicated in methods. Briefly, the GFP reads were first normalized to the OD 
reads then the possible background signal was subtracted in each sample. GFP 
fluorescence was first detectable from 2 days incubation up until day 5, after 
which it declined rapidly. Spores incubated in water were utilized as a negative 
control. Though GFP fluorescence was undetectable in most tested media 
before 48 hours of incubation, GFP expression was evident 24 hours after 
inoculation of the Tox3GFP spores in the Grandin leaf washings (six-fold of the 
expression in water). This expression decreased when incubated beyond 48 
hours (Figure 3.4 & 3.5). 
By day 3, a nine-fold increase in the expression of Tox3 was detected in Fries 
medium, compared to minimal medium. Likewise, the expression was higher in 
PDB (three-fold the expression compared to minimal medium). The expression 
level in V8-PDB showed no significant difference with the expression in PDB 
(Figure 3.5). By day 4, the expression of Tox3 increased in all media. In 
particular, the expression in minimal medium containing 24 mM sodium nitrate 
increased by approximately three fold of the expression from day 3 while the 
expression in minimal medium (23.5mM sodium nitrate) persisted without 
significant increase . By day 5, the expression of Tox3 in Fries medium and PDB 
gradually decreased whilst fluorescence significantly increased in minimal 
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medium containing 24 mM sodium nitrate.   
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Figure 3.4. Assay of Tox3 promoter activities in response to leaf washings at 
early time point. The GFP expression of the Tox3GFP strain in Grandin leaf 
washings was compared with the expression in water. The GFP expression was 
measured in a fluorometer at day 1 and day 2 post inoculation and RFU was 
calculated. All relative fluorescence units were normalized to a substrate control 
with SN15. RFU= relative fluorescence units. Error bars, SD. (n=3) *p<0.05 
(ANOVA with t-test). 
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Figure 3.5. Assay of Tox3 promoter activities in response to 11 nutrient 
conditions. The relative GFP levels of the Tox3GFP strain in different types of 
media. The GFP expression was measured in a fluorometer from 3-5 days post 
inoculation. All relative fluorescence units were normalized to a substrate control 
with SN15. MM= minimal medium. RFU= relative fluorescence units. Error bars, 
SD. (n=3) **p<0.001, *p<0.05 (ANOVA with t-test). 
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3.3.3 Yeast extract largely triggered Tox3 expression 
 
Subsequent analysis was undertaken to understand the nutritional basis behind 
Tox3 induction in Fries medium. Fries medium is composed of several different 
kinds of nutrients. In order to understand which nutrient from the Fries medium 
was responsible for the expression of Tox3, each of the different components 
was added separately into minimal medium and GFP fluorescence was 
measured from day 3 to day 5 post inoculation. By day 3, GFP expression was 
most induced in minimal medium containing 0.1% yeast extract (albeit the 
expression being only 25% of that observed in Fries medium) (Figure 3.6). The 
expression of Tox3 in minimal medium containing yeast extract decreased at day 
4. Interestingly, in comparison with the expression in minimal medium, the 
expression in ammonium tartrate and ammonium nitrate were largely 
suppressed at day 4 and day 5 (p<0.001). This result indicates that the 
expression of Tox3 was mainly dependent on the yeast extract in Fries medium.  
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Figure 3.6. 0.1% yeast extract induced the expression of Tox3. The GFP 
expression was measured in a fluorometer at day 3 to day 5 post inoculation. All 
relative fluorescence units were normalized to a substrate control with SN15. 
MM: minimal medium. Potassium phosphate contained a mixture of 0.02mM 
monopotassium phosphate and 0.007mM dipotassium phosphate. RFU= 
relative fluorescence units. Error bars, SD. (n=3) *p<0.05, **p<0.001 (ANOVA 
with t-test). 
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3.3.4 Nitrogen sources affected Tox3 expression 
 
It was demonstrated above that the expression of Tox3 was induced in minimal 
medium containing yeast extract, while repressed in minimal medium containing 
ammonium tartrate and ammonium nitrate. Nevertheless, each of these nitrogen 
sources co-exists in Fries medium. Consequently, the expression was assessed 
using a combination of these to determine their impact on expression 
independently. Sodium nitrate was removed in the minimal medium in order to 
minimize the effect from other nitrogen sources. As previously observed, the 
expression was significantly induced in Fries medium at day 3. In contrast, the 
expression in minimal medium containing yeast extract and a combination of 
yeast extract, ammonium tartrate, and ammonium nitrate were only moderately 
increased. Interestingly, although the expression in minimal medium containing 
yeast extract was suppressed by ammonium tartrate or ammonium nitrate, this 
suppression was partly rescued when both the ammonium tartrate and 
ammonium nitrate were added together. The expression in Fries medium 
dropped at day 4. While the expression in minimal medium containing yeast 
extract stayed almost unchanged from day 3 to day 4, the expression was 
significantly repressed in minimal medium containing yeast extract with 
ammonium tartrate or ammonium nitrate (Figure 3.7).  
  
  
Shao-Yu Lin /Thesis 2017 
54 
 
 
 
 
Figure 3.7. Tox3 expression was suppressed in ammonium tartrate and 
ammonium nitrate. A combination of nitrogen sources from Fries medium was 
used for analysis. All relative fluorescence units were normalized to a substrate 
control with SN15. MM: minimal medium. MM-N: minimal medium minus sodium 
nitrate. YE: 0.1% yeast extract. AmTar: 27mM ammonium tartrate. AmNit: 12.5 
mM ammonium nitrate. RFU= relative fluorescence units. Error bars, SD. (n=3). 
**p<0.05 (ANOVA with t-test).
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3.3.5 Vitamins induced Tox3 expression 
 
With the knowledge that yeast extract facilitates the induction of Tox3 expression, 
other factors that may trigger the expression of Tox3 were then examined. 
Previously, Fries medium with vitamins has been shown to improve necrosis 
development of Zymoseptoria tritici on wheat (unpublished data Solomon 
laboratory). As Z. tritici is closely related with P. nodorum, it was speculated that 
vitamins might therefore induce the production of necrotrophic effectors. 
Moreover, yeast extract is known to be rich in vitamins and was found to induce 
the expression of Tox3. As a result, the six vitamins (see Figure 3.8) tested in the 
previous Z. tritici study were examined for their ability to induce the expression of 
Tox3. After three days growth, there was no significant difference in the 
fluorescence of GFP in the presence of each of the vitamins individually or as a 
mixture, while the expression of Tox3 in Fries medium and yeast extract was 
significantly increased (Figure 3.8). After four days, the expression significantly 
increased in the presence of thiamine and the mixture of vitamins but there was 
no significant difference of the expression in minimal medium containing the 
other vitamins (Figure 3.8).  
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Figure 3.8. Thiamine induced the expression of Tox3. The GFP expression was 
measured in different kinds of vitamins and a mixture of vitamins. All relative 
fluorescence units were normalized to a substrate control with SN15. MM: 
minimal medium. All vitamins were adjusted to concentration of 100 μg/L in 
minimal medium. Vitamin complex: a mixture of vitamins tested in this assay in a 
final concentration of 100 μg/L in minimal medium. RFU= relative fluorescence 
units. Error bars, SD. (n=3). **p<0.001, *p<0.05 (ANOVA with t-test). 
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3.3.6 GFP-tagged ToxA complemented pathogenicity of the toxako mutant 
 
As it was determined that there was a significant nutritional influence on Tox3 
expression, the nutritional basis of ToxA was also examined. As described above 
for Tox3, in order to check ToxA expression under different kinds of nutrient, a 
plasmid containing GFP-tagged ToxA expressed under the ToxA promoter 
(pToxA(ToxA)GFP) was constructed to complement the ToxA function in the 
toxako mutant (Figure 3.9). The toxako mutant was created by replacing the 
ToxA gene with a hygromycin resistance gene (unpublished data). 
pToxA(ToxA)GFP was transformed into the toxako mutant and the resulting 
transformants were screened for phleomycin resistance. PCR was then used to 
screen for the presence of the gene with the presence of 2.5 kb fragment 
indicative of an intact ToxA gene and promoter (Figure 3.10 A). Positive 
transformants were subsequently named ToxAGFP. To test whether the ToxA 
function was restored in the transformants, two transformants harbouring the 
intact ToxA promoter and gene were assayed for pathogenicity on the ToxA 
sensitive wheat line BG261 (Figure 3.10 B). In comparison to the toxako mutant, 
both transformants were pathogenic confirming that the ToxA activity was not 
influenced by fusion to GFP. Expression of ToxA was extremely low during 
growth in PDB compared to the high expression observed during infection. No 
fluorescence was detected in the toxako mutant or the ToxAGFP strain without 
the ToxA promoter (∆p(ToxA)GFP) suggesting that the observed fluorescence 
was resulted from GFP-tagged ToxA controlled by the ToxA promoter (Figure 
3.11). 
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Figure 3.9. Gibson assembly diagram of pToxA(ToxA)GFP construct. 2 kb native 
promoter of ToxA (P
ToxA
) and the ToxA gene, GFP and 500 bp ToxA terminator 
(T
ToxA
) were amplified and ligated into the XbaI site of the vector. The 
overlapping regions on primers for Gibson assembly were presented by bold 
lines. Primers: PAN-TOXAPRO-F1, TOXA-GFP-R1, TOXA-GFP-F1, 
GFP-TOXATER-R1, GFP-TOXATER-F1 and TOXATER-PAN-R1. 
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Figure 3.10. pToxA(ToxA)GFP complemented ToxA function in the toxako mutant. 
(A) PCR screening and verification of the ToxA-GFP cassete insertion. The 
primers PAN-F1 and ToxA-GFP-R1 amplified a 2.5 kb fragment in transformants 
haboring the ToxA promoter and ToxA. (B) pToxA(ToxA)GFP restored loss of 
pathogenicity of the toxako mutant. Both first and second leaves of BG261 were 
sprayed with the spores from SN15, toxako, and the ToxAGFP transformants. 
The result was photographed 8 days post inoculation. ToxAGFP transformants 
were virulent on BG261 while toxako was not.  
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Figure 3.11. Expression of GFP-tagged ToxA during fungal growth in vitro and in 
planta. ∆p(ToxA)GFP and toxako were used as negative controls. Conidia of the 
transformants were incubated either in PDB for 24 h or inoculated on BG261 for 
24 h. DIC: differential interference contrast. The expression of GFP was 
observed by epifluorescence microscopy. Arrows denote hypha.
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3.3.7 ToxA expression was activated by Fries medium and minimal 
medium without sucrose 
 
All studies to date have indicated that the expression of ToxA is extremely low 
during growth in vitro suggesting that the expression of ToxA may be less 
dependent on nutrients (IpCho et al., 2010; Rybak et al., 2017). The ToxAGFP-1 
P. nodorum strain was utilized to check the expression ToxA in different kinds of 
media. A preliminary test conducted by colleagues has shown that expression of 
ToxA was induced in minimal medium containing glucose (unpublished data). 
Similarly, I have shown above that the expression of Tox3 was significantly 
induced in Fries medium. Since Tox3 and ToxA are both necrotrophic effectors 
secreted at the early stage of infection, it was hypothesized that Fries medium 
may also induce the expression of ToxA. Therefore, Fries medium, minimal 
medium (MM), MM without sucrose (MM-C), MM-C with glucose, MM with 
glucose and PDB, the media used for microscopy observation were trialed. The 
results showed that ToxA was induced after 48 hours of growth in four of the 
tested media (Fries, MM, MM-C, and MM-C with glucose) then decreased 
rapidly by 72 hours. The expression was significant in Fries medium, minimal 
medium without sucrose, and minimal medium with a substitution of sucrose with 
glucose. There was no significant difference between the expression level in 
Fries medium and minimal medium without sucrose. Although the expression of 
ToxA in the tested media was extremely low compared to Tox3, ToxA expression 
was significantly induced in Fries medium and minimal medium without sucrose. 
Furthermore, the expression was not increased by supplying glucose (Figure 
3.12). 
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Figure 3.12. ToxA was induced in Fries medium and minimal medium without 
sucrose. The GFP expression was measured at day 2 and day 3 post inoculation. 
UD represents the GFP signal was undetectable in the tested medium. All 
relative fluorescence units were normalized to a substrate control with SN15. 
MM: minimal medium. MM-C: minimal medium minus sucrose. RFU= relative 
fluorescence units. Error bars, SD. (n=3). *p<0.05 (ANOVA with t-test). 
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3.4 Discussion 
In an effort to elucidate how nutrients affect the expression of necrotrophic 
effector genes ToxA and Tox3, GFP was fused with these genes and the 
expression level was analyzed in different kinds of nutrients. My results show 
that Tox3 was induced in Fries medium which contains a combination of nitrogen 
sources; in addition, ToxA was also induced in Fries medium and minimal 
medium without sucrose. These results provide us better knowledge into how P. 
nodorum senses nutrients for secretion of necrotrophic effectors during infection.  
 A characterisation of the effects of nutrients on Tox3 expression found that 
Tox3 was strongly expressed in Fries medium. The key element in the Fries 
medium is the nitrogen source, which is a major element in living cells. As a 
precursor for synthesizing proteins and nucleic acids, it is not surprising that 
nitrogen sources may help gene synthesis. In addition, fungi are known to be 
able to utilize diverse nitrogen sources (Marzluf, 1997). The nitrogen sources in 
Fries medium include yeast extract, ammonium tartrate and ammonium nitrate. 
Although yeast extract induces Tox3 expression, it is also shown that a 
combination of nutrients in Fries medium instead of a single nutrient is 
necessary for high level of expression. The expression of Tox3 decreases in 
ammonium tartrate and ammonium nitrate but increases in higher concentration 
of sodium nitrate. During nitrate utilization, filamentous fungi reduce nitrate to 
ammonium for synthesizing amino acids. It is indicated that genes involved in 
nitrate utilization pathway are induced by nitrate while repressed by ammonium. 
This kind of regulation is usually mediated by the independent action of a 
pathway specific regulator NirA, which responds to presence of nitrate, and the 
global activator AreA, which relieves nitrogen metabolite repression of metabolic 
genes for unrelated pathways in the absence of ammonium in Aspergillus 
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nidulans (Crawford & Arst, 1993). Also, it has been shown that in A. nidulans and 
Neurospora crassa ammonium represses the expression of genes encoding 
enzymes for alternative nitrogen sources from inhibiting the activity of a 
GATA-factor transcription factor AreA/Nit2 (Platt et al., 1996; Marzluf, 1997). It 
has been revealed that the expression of Tox3 is controlled by transcription 
factors (chapter 5); hence, it is possible that the activity of transcription factor is 
affected by the nitrogen source and therefore regulates the expression of Tox3 
when sensing different nitrogen sources. Additionally, disease symptoms have 
been reported to be more severe in plants supplied with sodium nitrate and 
lessened when supplied with ammonium nitrate (López-Berges et al., 2010). 
This further implies that ammonium might be the dominant nitrogen source 
during late stage of infection and therefore cause the fungus to reduce the 
expression of Tox3. Nevertheless, the reduced expression of Tox3 is rescued by 
adding both ammonium tartrate and ammonium nitrate in the medium which 
suggests a putative feedback effect during nitrate utilization in fungi. 
Though the expression of Tox3 was highly activated in Fries medium, this 
expression was first detectable by three days of incubation after the spores 
germinate. The expression of Tox3 was undetectable in most tested media 
during early time of incubation (less than 48 hours). However, the expression of 
Tox3 is significantly activated in the leaf washings 24 hours post inoculation. The 
leaf surface contains several kinds of water-soluble nutrients. Sugars such as 
glucose, fructose and sucrose have been shown to present on the leaf surface 
(Mercier & Lindow, 2000). Moreover, it is reported that amino acids and 
ammonium salts on the leaf surface may contribute to fungal spore germination 
(Blakeman, 1975). These nutrients on the leaf surface might therefore contribute 
to the expression of Tox3 during spore germination.  
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Additionally, I have demonstrated that Tox3 is induced by thiamine. This is 
shown by a significant increase of Tox3-GFP expression in minimal medium 
containing thiamine. Thiamine (vitamin B1) is a cofactor of several enzymes of 
amino acid and carbon metabolism. The preliminary study in our lab has shown 
that vitamins improve necrosis development of Z. tritici. Furthermore, thiamine 
has been reported to induce systemic acquired resistance (SAR) in plants (Ahn 
et al., 2005). These suggest that thiamine may have a role in facilitating disease. 
There have been only few studies on how thiamine affects the expression of 
genes in fungi. The gene involved in early stage of aflatoxin biosynthesis, nmt1, 
is repressed by thiamine in Aspergillus parasiticus (Cary & Bhatnagar, 1995). 
The nmt1 homolog involved in thiamine biosynthesis in fission yeast also shows 
high expression in the absence of thiamine (Maundrell, 1990). Though in these 
studies, thiamine represses gene expression, in this study, the expression of 
Tox3 was up-regulated in the presence of thiamine. This implies two possibilities. 
First, thiamine might have different roles in some pathosystems. Second, 
thiamine is utilized as a cofactor for other factors that may improve the 
production of Tox3. As a result, more evidences are needed to verify the role of 
thiamine in P. nodorum and whether thiamine directly affects the expression of 
Tox3 or not.  
The expression of ToxA was induced in Fries medium and minimal medium 
without sucrose. Previously, the expression of ToxA was reported to be 
extremely low during fungal growth in vitro (Rybak et al., 2017). This is further 
confirmed in this study. Though being induced in Fries medium, the expression 
of ToxA was about 30 fold lower than Tox3 in Fries medium (RFUs 2000 vs 
70000). It is therefore assumed that the expression of ToxA might involve other 
unidentified factors during infection. This will be further discussed in chapter 4.  
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In summary, the nutrients required for the expression of Tox3 and ToxA are 
identified in this chapter. Tox3 is induced by Fries medium, yeast extract, sodium 
nitrate and thiamine while repressed by ammonium tartrate and ammonium 
nitrate. Though extremely low, ToxA is induced by Fries medium and minimal 
medium without sucrose. These results suggest that although these 
necrotrophic effector genes are expressed during early stage of infection, the 
nutrients that may induce the expression are diverse. Future studies include how 
P. nodorum senses the nutrients and whether these nutrients directly regulate 
the expression or not. The result in this chapter proposes the putative nutrient 
that pathogen acquires for expressing virulence genes. Moreover, these nutrient 
conditions serve as the basis for in vitro analysis of virulence gene expression in 
the following chapters. 
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Chapter 4 
Characterising the basis of transcriptional 
regulation for ToxA 
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4.1 Introduction 
 
ToxA is one of the most studied NEs in P. nodorum; however, how the 
expression of ToxA is regulated is not fully understood. It has been revealed that 
both P. nodorum and Pyrenophora tritici-repentis harbor almost identical copies 
of the ToxA gene and flanking DNA. This was reported to be due to a horizontal 
gene transfer event between the two pathogens (Friesen et al., 2006). Included 
within the shared region is the ToxA promoter. A previous study has shown that 
407 bp of the P. tritici ToxA (PtrToxA) promoter has been utilized to drive the 
expression of the green fluorescent protein (GFP). This promoter was shown to 
constitutively express cytoplasmic GFP in plant pathogens belonging to eight 
genera of the Ascomycota (Fusarium, Botrytis, Pyrenophora, Alternaria, 
Cochliobolus, Sclerotinia, Colletotrichum, and Verticillium) (Lorang et al., 2001). It 
is interesting to note that although the promoter region of ToxA from either P. tritici 
or P. nodorum shares almost complete identity (~99.9%, especially the upstream 
500 bp regions are 100% identical) (Friesen et al., 2006), the expression patterns 
of ToxA in these two pathogens are contrasting (constitutive expression in P. tritici 
versus infection-specific activation in P. nodorum). Moreover, the molecular basis 
of this distinction remains unclear.  
Recently, a Zn2Cys6 zinc finger transcription factor (PnPf2) is identified to 
positively regulate the expression of ToxA. Moreover, disruption of PnPf2 results 
in loss of pathogenicity on a ToxA sensitive wheat line (BG261) (Rybak et al., 
2017). Whilst the influence of PnPf2 on ToxA expression has been demonstrated, 
the mechanism has yet to be elucidated and there is no evidence to date that the 
transcription factor directly interacts with the ToxA promoter. PnPf2 is an 
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ortholog of the Alternaria brassicicola AbPf2. Similarly, deletion of AbPf2 caused 
loss of pathogenicity of the fungus on Arabidopsis thaliana. Moreover, a putative 
AbPf2 binding site was identified in this research by searching for common 
motifs in the promoter regions of the genes that were expressed significantly 
lower in the AbPf2 mutant than the wild type (Cho et al., 2013). Strikingly, 
preliminary research has identified two of the AbPf2 binding sites on the P. 
nodorum ToxA promoter suggesting a possible interaction of PnPf2 with the 
ToxA promoter (unpublished data).  
In this chapter, multiple attempts were conducted to decipher transcriptional 
regulation of ToxA. Furthermore, the ability of PnPf2 to directly interact with the 
putative Pf2 binding sites on the P. nodorum ToxA promoter was examined.  
 
4.2 Chapter specific methods 
 
 
4.2.1 Preparation of Protein extracts 
4.2.1.1 Protein extracts from P. nodorum 
P. nodorum SN15 was grown in a stationary culture at 22°C in liquid Fries 
medium and harvested between day 2 and day 3. Mycelium was ground in liquid 
nitrogen, and the following steps were subsequently performed on ice. 100 mg of 
sample was resuspended in 1 ml of extraction buffer (20mM HEPES, 100mM 
KCl, 0.2mM EDTA, 20% glycerol, 2mM DTT, 1mM PMSF, protease inhibitor 
cocktail, 0.1% NP-40, pH 7.9) followed by the addition of 1/10 volume saturated 
ammonium sulfate solution. After 30 mins incubation, cell debris was separated 
by centrifugation (maximum speed, 30 mins). Proteins were precipitated with 
70% saturated ammonium sulfate. The pellet was resuspended in 40% glycerol 
and de-salted by Sephadex G-25 (Sigma-Aldrich). The extracted proteins were 
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checked by electrophoresis on Tris-glycine SDS containing 11% polyacrylamide 
gels. 
 
4.2.1.2 Protein extracts from yeast 
Yeast crude protein extraction was performed as described (Kushnirov, 2000). 
Briefly, yeast cells were disrupted in 0.2M NaOH, and then resuspended in SDS 
sample buffer (0.06M Tris-HCl, pH 6.8, 5% glycerol, 2% SDS, 4% 
β-mercaptoethanol, 0.0025% bromophenol blue) before loading on to 11% 
polyacrylamide gel. 
 
4.2.2 DNase I footprinting 
DNase I footprinting analysis was performed according to the method of Zianni 
(Zianni et al., 2006) with modification. The Tox3 and ToxA promoter were used 
as templates to generate DNA fragments for analysis. The Tox3 promoter 
fragment was generated by PCR with the primers M13-Tox3-279-F1 and 
Tox3-163-R1. The ToxA promoter fragment was generated with primers 
M13-ToxA-481-F1 and ToxA-102-R1. A universal primer, FAM-M13-F, was used 
in the PCR reaction to add 6-FAM on the 5’ side of the PCR product. The PCR 
was performed for 30 cycles under the following conditions: 98°C for 5 min, 98°C 
for 30 sec, 60°C for 45 sec, and 72°C for 20 sec. And further 8 cycles under the 
following condition: 98°C for 30 sec, 53°C for 45 sec, and 72°C for 20 sec. 
Varying amounts of P. nodorum crude proteins ranging from 0 to 1 μg were 
incubated with 10 ng of fluorescently labeled PCR product and 1.5 μg of 
poly(dI-dC) for 20 min at 4°C in binding buffer (1mM EDTA, 10mM DTT, 2.5% 
glycerol, 10mM Tris, 50mM NaCl, 2.5mM MgCl2, 0.5mM CaCl2 pH 7.5). 
Following several DNase I digestion optimization experiments, 0.032 units of 
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DNase I (NEB) was added to the reaction and incubated for 2 min at 37°C. The 
reaction was stopped by incubating at 75°C for 10 min. Control digestions were 
performed in the absence of protein. The DNA fragments were cleaned up with 
ethanol precipitation and eluted in 3 μL H2O. The samples were analyzed with a 
3730 DNA Analyzer, running an altered genotyping module that increased the 
injection time to 30 sec and the injection voltage to 3 kV. Fragment data was 
analyzed using Peak Scanner Software (Applied Biosystems, Life Technologies 
Corporation). Dideoxynucleotide sequencing reaction was performed with the 
Thermo Sequenase Dye Primer Manual Cycle Sequencing Kit (USB, USA) 
according to the manufacturer’s instructions. The resulting product was mixed 
with HiDi and GeneScan-500 LIZ size standards and analyzed with a 3730 DNA 
Analyzer. 
 
4.2.3 Yeast one-hybrid assay 
The construction of yeast reporter strain and yeast one-hybrid screening was 
performed based on the method of Ouwerkerk (Meijer et al., 1998; Ouwerkerk & 
Meijer, 2001, 2011) with modification. Yeast one-hybrid (Y1H) bait constructs 
were prepared by cloning 3 repeats of the p53 binding site (p53BS) 
(5’-AGACATGCCT-3’) (Wang et al., 1995), 4 repeats of the putative Pf2 binding 
site (Pf2BS) (5’-AAGGACCGA-3’) (Cho et al., 2013), 4 repeats of pf2bs 
(5’-AAGGAAATA-3’), 3 repeats of the ToxA-URE1 
(5’-GGGCTAAGGTGTCCGTCC-3’) or 2 repeats of the Tox3-URE1 
(5’-CTCCACCTATCCTAATCTAGTTAAA-3’) into the pINT1-HIS3NB vector 
(kindly provided by Dr. P.B.F Ouwerkerk). Repeats of binding sites with 
NotI-SpeI overhangs were purchased from IDT. The oligonucleotides with 
complementary sequences were annealed by heating up to 95°C then slowly 
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cooling down to room temperature. The resulting overhangs were used for 
cloning into the NotI-SpeI sites of the pINT1-HIS3NB vector. Constructs with 
inserts were selected and sequenced. Each construct was then digested with 
NcoI and XcmI to yield a linear fragment containing the putative binding sites. 
Integration of the fragment into the yeast (Y187, Clontech) genomic DNA was 
performed as described (Ouwerkerk & Meijer, 2001). The positive colonies were 
selected on YPAD containing 150 mg/L G418. Bait strains, designated according 
to the binding sites, yp53BS, yPf2BS, ypf2bs, yToxA-URE1, and yTox3-URE1 
were spread on selective media (-His) containing 0-100 mM 
3-amino-1,2,4-triazole (3-AT, Sigma-Aldrich) to test possible leaky expression of 
HIS3 gene. 
Total RNA from 3-day-old P. nodorum SN15 grown in modified liquid Fries 
medium was prepared by using the Qiagen miRNA kit (Qiagen). cDNA was 
synthesized according to the protocol of Make Your Own “Mate &PlateTM” Library 
System (Clontech). The cDNA library was introduced into Y2HGold (Clontech) 
and stored at -80°C until use. 
Mating of the yeast bait strains with the prey strains was conducted by mixing 
the two strains together and spread on the YPAD medium (10 g of yeast extract, 
20 g of Bacto Peptone, 20 g of glucose, 40 mg Adenine sulfate, 20 g Bacto agar 
per liter). After 4-4.5h of incubation at 30°C, the yeast cells were harvested, 
washed and resuspended in 300 uL of water. The suspension was spread on 
selective media (-His-Leu) with appropriate amount of 3-AT. Library plasmids 
were isolated from positive colonies and analyzed as described (Lopato et al., 
2006).  
Confirmation of the specific interaction between the bait sequence and the target 
protein was performed by reintroducing the prey construct into the bait strain. 
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The prey construct pGADT7-p53 was built by releasing the partial p53 cDNA 
from pGBKT7-53 plasmid (Clontech) with EcoRI and BamHI and then ligating 
into the pGADT7 vector. cDNAs of SNOG_09974 and PnPf2 (SNOG_00649) 
were amplified from cDNA library with primers, 09974-F1 and 09974-R1 for 
SNOG_09974 and Pf2-F2 and Pf2-R3 for PnPf2. The cDNAs were then ligated 
into pGADT7 NdeI and EcoRI sites based on the Gibson assembly system.  
 
 
4.3 Results 
 
 
4.3.1 Promoter deletion analysis revealed ToxA-URE1 for weak expression 
of ToxA 
 
To identify putative cis-regulatory elements within the ToxA promoter, a series 
of promoter deletion analyses were conducted. Promoter deletion constructs 
were built with GFP expressed under different length of the ToxA promoters and 
subsequently transformed into P. nodorum wild type SN15 respectively (Figure 
4.1). The GFP-expressing transformants were selected on hygromycin and 
named with the promoter length included in a bracket. The GFP expression was 
first checked under 1002 bp of ToxA promoter and then the promoter was 
deleted about half-length to 543 bp which was also the length containing two Pf2 
binding sites (Pf2BS). The promoter was then deleted to 481 bp containing one 
Pf2BS and 407 bp with no Pf2BS. 407 bp ToxA promoter was also the same 
promoter used in the PtrToxA studies. From 407 bp to 194 bp (TATA box), the 
deleted promoter length was randomly selected (resulting in 354 bp, 224 bp, and 
204 bp). The 194 bp promoter containing TATA box was then deleted to 188 bp 
with no TATA box and 20 bp more to 168 bp because weak expression was 
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observed. Lastly, the promoter was deleted to 102 bp which contained only the 5’ 
UTR (Figure 4.2 & 4.3). When observing the GFP fluorescence for each of the 
constructs, GFP signals were detected in every transformant with the promoter 
length longer than 168 bp in vitro and in planta. GFP expression was largely 
reduced in the absence of the TATA box and not detectable when the promoter 
length was under 169 bp (Figure 4.3). Although the results suggest that TATA 
box induced significant expression of ToxA, it was still worth looking into the 
possible factors that may bind to the promoter region of -169 to -188 and 
triggered a weak expression of ToxA. As a result, the promoter region from -169 
to -186 was designated ToxA-URE1 (ToxA Upstream Regulatory Element 1) and 
subjected to the yeast-one hybrid analysis.
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Figure 4.1. Gibson assembly diagram of the ToxA promoter deletion constructs. 
Different length of the ToxA promoter (PToxA) was amplified and ligated with 
GFP in the XbaI site of PAN7-1. TToxA: 500 bp ToxA terminator. The overlapping 
regions on primers for Gibson assembly were presented by bold lines.
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Figure 4.2. Nucleotide sequence of the 5’ region of the ToxA gene and the 
deduced amino acid sequence of the N-terminus of the gene product. Sequence 
not conserved between P. nodorum ToxA and PtrToxA is indicated in red. 
ToxA-URE1 (underlined). Putative TATA box (boxed). Putative Pf2BSs are 
indicated in bold characters. Arrows denote length of promoters used in the 
promoter deletion analysis.  
 
Figure 4.2. Nucleotide sequence of the 5’ region of the ToxA gene and the deduced amino
acid sequence of the N-terminus of the gene product. Sequence conserved between P. 
nodorum ToxA and PtrToxA was indicated in black. ToxABS (underlined). Putative TATA 
box (boxed). Putative Pf2BSs were indicated in bold characters.  Arrows denote length of 
promoters used in the promoter deletion analysis. 
TTGAAAGGACCGAACTGGTCAGCTCGTAGTGGTAGCACTAGTGTTG
AAAGGACACAACTATAGCTAGGATCCGATGGAATCCATGGAGGAGTT
CTGTACGCGCAATTCCGCTCTCCGTAAGGATGCTTCGGAGGTGCACA
TGGTCTCATACATGTAGGCCCGACGAGGATCGAGTCGGTTCCGAAGT
AGGATCGTCTCGATTGTTGGGCATCGTTGCATGGACATTCAGAGGGC
CTACTGATACCTGGAATCCGCACCGTCCGGCTACCTAGCAATAAGATT
CTGTGTATATAAAGGGCTAAGGTGTCCGTCCTTGATAAAACCACCACC
CTCAACAACTTACCTCGACTATCAGCATCCCGTCCTATCTAACAATCG
TCCATCGGTATCCAACTCCAACTCTATTCGCAGGGTCCTAGAATCGTA
AGTACACGCTTATATCTTGTTGCCAGCGATAGCTGACAATGAATGAATA
TAGGTCATGCGTTCTATCCTCGTACTTCTTTTCAGCGCCGCTGCTGTG 
M     R    S     I      L      V     L     L     F     S      A      A     A     V       
42 -6 
-7 -55 
-56 -103 
-104 -151 
-152 -199 
-200 -247 
-248 -294 
-295 -341 
-342 -388 
-389 -435 
-436 -481 
AAGGACCGAACTGGTCAGCTCGTAGTGGTAGCACTAGTG -520 -482 
Shao-Yu Lin /Thesis 2017 
77 
 
 
Shao-Yu Lin /Thesis 2017 
78 
 
 
 
Figure 4.3. Promoter deletion assays on the ToxA promoter. GFP expression in 
ToxA promoter:GFP transformants. ToxA promoter:GFP constructs were 
transformed into P. nodorum SN15. Conidia of the transformants were incubated 
either in PDB for 24 h or inoculated on Grandin for 24 h. The expression of GFP 
was observed by epifluorescence microscopy. Arrows denote hypha. Scale Bar 
= 50 μm.  
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4.3.2 DNase I footprinting was unsuccessful of identifying cis-regulatory 
elements on the ToxA promoter 
 
The 5’ promoter deletion series presented in the previous section suggest a role 
for ToxA-URE1 in facilitating expression of ToxA. To confirm whether a candidate 
regulatory protein from P. nodorum can bind to ToxA-URE1, DNase I footprinting 
was used to identify this interaction. DNase I footprinting is a quick and 
inexpensive method for assessing the interaction of proteins with their target 
sites on DNA. The traditional approach to footprinting involved separating 
hundreds of DNA bands on a gel and therefore required extremely high 
resolution of gel electrophoresis. A recent improvement to this approach allows 
the DNA bands to be analyzed in a sequencer providing higher sensitivity and 
efficiency (Zianni et al., 2006).  
The ToxA promoter with flanking region around ToxA-URE1 (-481 to -103) was 
labelled with the 6-FAM fluorescein and run in a gel. Successful labelling of 
6-FAM fragment was checked under blue light before incubating with the protein 
extracts. 6-FAM labelled ToxA promoter fragment (6-FAM ToxAp) was the 
correct size of 380 bp as visualized under blue light (Figure 4.4 A). To isolate 
potential ToxA-URE1-interacting proteins, P. nodorum was incubated in Fries 
medium and the crude protein was extracted 2 days post inoculation. In chapter 
3, I had shown that ToxA was significantly induced in Fries medium (see Figure 
3.12). As a result, it was assumed that Fries medium also can induce the 
regulatory protein responsible of the expression of ToxA. Successful extraction 
of P. nodorum proteins was confirmed by running the extracts in polyacrylamide 
gel (Figure 4.4 B). For the DNase I footprinting, the 6-FAM ToxAp was incubated 
with or without the protein extracts and digested with DNase I. After separating 
the digested fragments in a sequencer, there was no apparent protection profile 
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of the sample incubated with protein extracts as evidenced by the nearly 
perfectly overlayed chromatogram with the no protein sample (Figure 4.5). This 
indicated that no specific interaction occurred between the DNA fragment and 
the proteins. As a result, no putative cis-regulatory element was identified on the 
-481 to -103 region of the ToxA promoter. 
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Figure 4.4. Probes and crude protein extracts used for DNase I footprinting in 
this study. (A) 6-FAM labeled ToxAp showed fluorescence on gel under blue light. 
M: 100 bp DNA ladder (NEB) (B) P. nodorum proteins after precipitated in 70% 
ammonium sulfate. Proteins were run on an 11% polyacrylamide gel and stained 
in coomassie blue. M: Protein standard (Novex) 
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Figure 4.5. ToxAp showed no binding with the P. nodorum crude proteins. The 
y-axes are in relative fluorescence units (3730 DNA Analyzer). Sequence 
positions are marked with reference to the start codon of the ToxA gene. (A) 
Overlay of electropherograms of DNase I-digested DNA in the presence of P. 
nodorum SN15 protein (blue) or without protein (red). The DNase I digestion 
pattern showed no difference either in the presence or absence of protein. (B) 
Enlarged overlay of DNase I-digested ToxAp (position -206 to -141) with or 
without SN15 protein. Alignment of size standards (Liz-500, orange peaks) 
allows precise overlay of DNA fragments from two different treatments.
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4.3.3 Yeast one-hybrid did not identify specific binding proteins for 
ToxA-URE1 
 
Since DNase I footprinting failed to identify any interacting proteins with 
ToxA-URE1, a yeast one-hybrid assay (Y1H) was also used to attempt to isolate 
putative binding proteins. The strategies for Y1H are illustrated in Figure 4.6. In 
brief, a bait strain containing a bait sequence was either mated with prey strains 
expressing cDNA library or transformed with a construct expressing prey protein.  
To do this, three copies of the ToxA-URE1 (5’-GGGCTAAGGTGTCCGTCC-3’) 
were cloned into a bait vector, pINT1-HIS3NB. The resulting recombinant 
plasmid was integrated into the genome of the yeast strain Y187, generating the 
bait strain yToxAURE1. The yeast strain yp53BS containing bait sequence for 
p53 transcription factor was generated the same way. The interaction of p53 bait 
sequence with P. nodorum proteins was used as a negative control to exclude 
non-specific interaction as this bait sequence only exists in animals. The yeast 
strains were tested for HIS3 background expression. The growth of yToxAURE1 
on -His medium was completely inhibited by adding 10 mM 3-AT and yp53BS 
was inhibited without addition of 3-AT.   
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Figure 4.6. Strategies for yeast one-hybrid assay. (A) Diagram for library 
screening by yeast one-hybrid. P. nodorum cDNA library was cloned in 
pGADT7-rec and transformed in Y2HGold. Y187 harboring the bait sequence 
then mated with Y2HGold creating the hybrid with P. nodorum proteins. (B) 
Diagram for target protein confirmation by yeast one-hybrid. Target protein cDNA 
was cloned in pGADT7 then transformed into Y187 harboring the bait sequence. 
P
ADH1
: ADH1 promoter. T
ADH1
: ADH1 terminator. GAL4AD: GAL4 activation 
domain. mp: minimal promoter with TATA box. HA: HA tag 
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The cDNA library was constructed in pGADT7-rec by cloning P. nodorum cDNAs 
from the Fries medium. The whole cDNA library was then transformed in 
Y2HGold to generate the prey strain for mating with the bait strain (Figure 4.7 A). 
More than one million yeast transformants were screened on media lacking 
leucine and histidine with 10 mM 3-AT. After 14 days, 10 putative positives were 
isolated and re-streaked on media with x-alpha-gal to test alpha-galactosidase 
activity. The remaining positives without alpha-galactosidase activity were then 
examined for integrated cDNA length and digestion pattern by restriction enzyme, 
HaeIII. This selection resulted in 4 positives, which were analyzed further by 
sequencing. All the positives contained a partial (C-terminus) cDNA fragment of 
SNOG_09974. SNOG_09974 was a hypothetical protein with 679 amino acids. It 
was recognized as a putative transcription factor with C2H2 zinc finger at the 
C-terminus and the localization of the protein was predicted to be cytosol. To 
identify the dependence of HIS3 gene activation on SNOG_09974, full length of 
the SNOG_09974 cDNA was cloned into pGADT7 and re-transformed into 
yToxAURE1 and yp53BS. Little growth of yToxAURE1 expressing SNOG_09974 
and no growth of yp53BS expressing SNOG_09974 were observed on the 
medium without histidine and leucine. However, almost identical growth was 
obtained on the same medium when expressing either SNOG_09974 or empty 
vector in yToxAURE1 (Figure 4.7 B). Protein expression was also confirmed by 
Western blot. The result showed that SNOG_09974 was expressed in 
yToxAURE1 and yp53BS with an expected size of 130kDa while no protein of 
the same size was expressed in yToxAURE1 with the empty vector (Figure 4.7 
C). Accordingly, it was proposed that the interaction between ToxA-URE1 and 
SNOG_09974 was not real and the growth observed on the medium without 
histidine and leucine probably resulted from histidine background expression. 
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Figure 4.7. ToxA-URE1 showed non-specific interaction with SNOG_09974. (A) 
Design of bait and prey constructs for Y1H screening. (B) yToxAURE1 
expressing SNOG_09974 showed minor growth on the -Leu -His medium. 
However, yToxAURE1 expressing empty vector also appeared minor growth on 
the same medium. Yeast cells were grown into stationary phase and adjusted to 
1, 10
-1
, and 10
-2
 times of dilution before spotting onto appropriate plates. The 
indicated selective media were incubated at 30°C for 3 days. 10mM 3-AT was 
added to suppress the leaky expression of HIS3. (C)Western blot using HA 
antibody and coomassie blue (CB) staining of yeast cell extracts. 1: biological 
replicates of yToxAURE1 x SNOG_09974. 2: yToxAURE1 x empty vector. 3: 
biological replicates of yp53BS x SNOG_09974. Protein standard (Novex) 
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4.3.4 PnPf2 failed to interact with the putative Pf2BS on the ToxA promoter 
 Though SNOG_09974 failed to show specific interaction with the ToxA 
promoter, another target protein was examined for its interaction with the ToxA 
promoter. Previously, PnPf2 was reported to positively regulate the expression of 
ToxA (Rybak et al., 2017). In order to reveal whether PnPf2 can directly interact 
with the putative Pf2 binding sites (Pf2BS) on the ToxA promoter, four repeats of 
Pf2BS were integrated into Y187 as the bait sequence and analyzed by Y1H. 
Furthermore, four repeats of mutated Pf2BS (pf2bs) which substituted the highly 
conserved CCG to AAA were also utilized in the analysis as a negative control. 
p53 and its interaction with the p53BS was used as a positive control. The yeast 
strains were tested for HIS3 background expression. The growth of yPf2BS and 
ypf2bs on -His medium were completely inhibited by adding 50 mM 3-AT. While 
yPf2BS expressing PnPf2 showed minor growth on the –His –Leu medium, the 
negative control with pf2bs was unable to grow on the –His –Leu medium. 
However, yPf2BS with the empty vector showed slight growth on the –His –Leu 
medium as well. In addition, growth of yPf2BS expressing PnPf2 on the –His –
Leu medium was extremely slower than the growth on the –Leu medium and the 
p53 positive control (Figure 4.8 A). When examining the protein expression by 
Western blot, the p53 protein appeared with an expected size of 50 kDa. The 
empty vector expressed a 10 kDa protein which was the size of a combination of 
the GAL4AD and HA tag proteins. Also, PnPf2 showed expected size of 110 kDa 
(Figure 4.8 B). These results suggested that PnPf2 was expressed in yPf2BS; 
nevertheless, the growth of yPf2BS on –Leu –His plate mostly resulted from the 
background expression of HIS3. And PnPf2 failed to directly interact with Pf2BS. 
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Figure 4.8. PnPf2 was not able to specifically interact with the Pf2BS. (A) yPf2BS 
expressing PnPf2 grew on the -Leu medium; however, was not able to grow on 
the -Leu -His medium. 50 mM 3-AT was added to the -Leu -His plate for 
preventing possible histidine leaky. Mutated Pf2BS (pf2bs) and empty vector 
were manipulated as negative controls. p53 interaction was used as positive 
control. Yeast cells were grown into stationary phase and adjusted to 1, 10
-1
, and 
10
-2
 times of dilution before spotting onto appropriate plates. The indicated 
selective media were incubated at 30°C for 3 days. (B) Western blots using HA 
antibody and coomassie blue (CB) staining of yeast cell extracts. 1: yp53BS x 
p53. 2: yPf2BS x empty vector. 3: yPf2BS x PnPf2. 4: ypf2bs x PnPf2. Protein 
standard (Novex) 
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4.3.5 ToxA promoter was identified to activate in P. nodorum incubated in 
vitro 
 
With the failure to identify a regulator that may directly regulate the expression 
of ToxA, I then examined other possibilities that may be involved in the 
expression of ToxA. The ToxA promoter has been reported as a constantly 
activated promoter in P. tritici in the past studies (Lorang et al., 2001; Rybak et 
al., 2017). Nevertheless, in P. nodorum, the ToxA promoter was recognized as a 
regulatory promoter only differentially triggered during infection (Rybak et al., 
2017). 407 bp of the P. tritici ToxA promoter (completely the identical sequence 
of 407bp in P. nodorum) has been regularly used in the PtrToxA studies. To 
further confirm whether the 407 bp ToxA promoter can induce GFP expression in 
P. nodorum, a construct consisting of 407 bp ToxA promoter amplified from P. 
nodorum and GFP was generated (pToxA(407)GFP). Since the 407 bp PtrToxA 
promoter was already known to support GFP expression in the barley pathogen 
Bipolaris sorokiniana, the expression in B. sorokiniana was utilized as a positive 
control. pToxA(407)GFP was either transformed in B. sorokiniana or P. nodorum 
and the insertion of 407 bp ToxA promoter and GFP was confirmed by PCR 
(Figure 4.9). GFP expression was examined using epifluorescence microscopy. 
GFP fluorescence was observed both in B. sorokiniana and P. nodorum with the 
407 bp ToxA promoter in vitro; whereas in planta, GFP was only detected in P. 
nodorum (Figure 4.10). This verified that the 407 bp ToxA promoter was able to 
induce the expression during fungal growth in vitro and in planta. Furthermore, 
together with the results from promoter deletion analysis in section 4.3.1, up to 
1002 bp and down to 194 bp of the ToxA promoter was confirmed to be able to 
induce expression during fungal growth in vitro and in planta. 
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Figure 4.9. PCR verified insertion of the 407 bp ToxA promoter and GFP 
cassette. The primers PAN-F1 and GFP-TOXATER-PAN-R1 amplified a 1.0 kb 
fragment in transformants haboring the ToxA promoter and GFP cassete.  
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Figure 4.10. 407 bp of the ToxA promoter induced GFP expression in B. 
sorokiniana and P. nodorum. The expression of GFP was observed in B. 
sorokiniana and P. nodorum pToxA(407)GFP transformants in vitro and in planta. 
Wild type fungi were used as negative controls. Conidia of the transformants 
were incubated either in PDB for 24 h or inoculated on barley (Millthorpe) or 
wheat (BG261) for 24 h. DIC: differential interference contrast. Arrows denote 
hypha. Scale Bar= 50 μm. 
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4.3.6 Expression of GFP under the ToxA promoter in P. nodorum in vitro 
was achieved in the absence of ToxA 
 
Based on the above results, a minimum of 194 bp of the ToxA promoter was 
required to induce strong gene expression during fungal growth in vitro and in 
planta. Here, a question was raised. Why was the expression of ToxA previously 
recognized as extremely low during fungal growth in vitro? This fact was again 
confirmed in chapter 3 that the GFP expression under 2 kb ToxA promoter was 
almost undetectable in PDB while showed high expression in planta. Moreover, 
the RNA expression profiles also suggested very low ToxA transcripts in vitro; in 
contrast, high accumulated ToxA transcripts during infection (Ipcho et al., 2012). 
However, in chapter 4, a series of truncated ToxA promoters (transcriptional 
fusions) were able to induce strong GFP expression in PDB and in planta. It 
seemed that the expression of GFP under the ToxA promoter in P. nodorum 
incubated in vitro decreased when expressed fused with ToxA. Therefore, it was 
hypothesized that the presence of ToxA in the GFP-expressing construct 
affected the expression level of GFP. To test this hypothesis, two nearly identical 
constructs were generated. One construct was a translational fusion with the 
GFP-tagged ToxA expressed under 1002 bp of the ToxA promoter 
(pToxA1002(ToxA)GFP). The second construct was a transcriptional fusion 
which consisted of GFP expressed under the 1002 bp ToxA promoter 
(pToxA(1002)GFP) (in complete absence of the ToxA CDS). 
pToxA1002(ToxA)GFP was transformed into toxako to verify the function of 
GFP-tagged ToxA. pToxA(1002)GFP was originally used in promoter deletion 
analysis in section 4.3.1 so was transformed in the wild type SN15. The insertion 
of intact promoter and genes was confirmed by PCR. Interestingly, even with the 
same promoter, the GFP signal was undetected in the pToxA1002(ToxA)GFP 
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transformant when incubating in PDB; whereas, much stronger expression was 
observed in the pToxA(1002)GFP transformant in PDB. In both transformants, 
GFP expression was detected in planta. Furthermore, GFP-tagged ToxA 
expressed under 1002 bp ToxA promoter was able to complement the 
pathogenicity of toxako suggesting that ToxA was expressed and functional in 
the pToxA1002(ToxA)GFP transformant (Figure 4.11).  
 GFP expression under the ToxA promoter was affirmed to elevate in the 
absence of ToxA in P. nodorum incubated in vitro. Since the expression levels in 
transformants might be influenced by copy number variants, the copy numbers 
were then examined in the transformants and the expression level of GFP per 
copy number was determined (Figure 4.12). To acquire GFP expression during 
fungal growth in vitro, the transformants were incubated in Fries medium for 2 
days. Genomic DNA for copy number analysis and total RNA for GFP transcript 
analysis were obtained. Quantitative real-time PCR (qPCR) was performed on 
genomic DNA of both GFP transformants (pToxA1002(ToxA)GFP and 
pToxA(1002)GFP) to obtain copy numbers. Because the copy number of actin in 
P. nodorum is known to be one, the copy numbers of GFP in the transformants 
were determined by comparing to the copy number of actin. In addition, 
qRT-PCR (quantitative Reverse Transcriptase-PCR) was performed on RNA to 
determine relative GFP expression levels (actin was used as the internal control). 
The relative GFP expression level was then divided by copy number to obtain 
the relative GFP expression per copy. The relative GFP expression per copy in 
pToxA1002(ToxA)GFP transformant was 0.04 while in pToxA(1002)GFP 
transformant was 0.28. This result again suggests that the GFP transcript 
significantly decreased in the presence of ToxA (Figure 4.12). 
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Figure 4.11. Translational fusion and transcriptional fusion of ToxA and GFP 
showed different expression level in P. nodorum incubated in vitro. GFP was 
expressed under 1002 bp of the ToxA promoter with ToxA 
(pToxA1002(ToxA)GFP) or without ToxA (pToxA(1002)GFP). (A) 
pToxA1002(ToxA)GFP complemented the pathogenicity of toxako. Pathogenicity 
was confirmed on BG261. The result was photographed 7 days post inoculation. 
(B) GFP expressed in the absence of ToxA. Conidia of the transformants were 
incubated either in PDB for 24 h or inoculated on wheat BG261 for 24 h. DIC: 
differential interference contrast. The expression of GFP was observed by 
epifluorescence microscopy. Arrows denote hypha. Scale Bar= 50 μm, except as 
indicated. 
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Figure 4.12. GFP transcripts were reduced in the presence of ToxA. The 
diagram represents relative GFP expression per copy in pToxA(1002)GFP and 
pToxA1002(ToxA)GFP transformants. y-axis suggests the value of relative 
expression of GFP over copy number of GFP as determined by qRT-PCR and 
qPCR. Values shown represent the relative value against the value of γ-actin. 
Biological triplicates were assayed using technical replicates. Standard error 
bars are shown. **p<0.001 (ANOVA with t-test).  
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Additionally, in chapter 3, I demonstrated that the expression of ToxA was 
extremely low in the nutrients tested. To determine whether the low expression 
of ToxA in these nutrients was caused by the presence of ToxA, GFP expression 
under the ToxA promoter (transcriptional fusion in complete absence of the ToxA 
CDS) was again checked in the three media (Fries, Minimal medium and PDB) 
from chapter 3. The P. nodorum strain pToxA(224)GFP with GFP expressed 
under 224 bp ToxA promoter was selected for examining the promoter activity in 
these three media because it has nearly the minimal length of promoter to 
express ToxA. In Chapter 3, I demonstrated that the ToxAGFP transformant with 
GFP-tagged ToxA expressed under 2kb ToxA promoter (translational fusion) 
showed significant GFP expression in Fries medium and minimal medium 
without sucrose two days post inoculation; whereas GFP expression was 
undetectable in PDB by day 2 (see Figure 3.12 in chapter 3). In contrast, 
significantly stronger GFP fluorescence was observed in the pToxA(224)GFP 
transformant when incubated in PDB for 2 days. Furthermore, GFP expression 
was significantly induced in pToxA(224)GFP transformant when incubated in 
minimal medium whilst no such increase was previously observed for the 
ToxAGFP transformant. In addition, there was no significant difference between 
the expression in Fries medium and PDB in pToxA(224)GFP transformant. By 
three days growth, the expression of GFP in the pToxA(224)GFP transformant 
growing in all of the media tested was either constant or increased (compared to 
day 2) (Figure 4.13). In contrast, GFP expression was either strongly decreased 
or undetectable in the ToxAGFP transformant under the same conditions (see 
Figure 3.12 in chapter 3). This further indicates that the presence of ToxA CDS 
decreases the expression level of GFP during fungal growth in vitro.  
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Figure 4.13. GFP expressed under the ToxA promoter was largely induced in 
three media in the absence of ToxA. pToxA(224)GFP transformant was utilized 
in this analysis. The GFP expression was measured at day 2 and day 3 post 
inoculation. All relative fluorescence units were normalized to a substrate control 
with SN15. MM: minimal medium. RFU= relative fluorescence units. Error bars, 
SD. (n=3). *p<0.05, **p<0.001. 
  
Shao-Yu Lin /Thesis 2017 
98 
 
4.4 Discussion 
 
Though the function of ToxA has long been characterized in P. nodorum, how 
ToxA is regulated and expressed is poorly understood. Hence, I performed 
analyses on the ToxA promoter to identify possible factors that may be involved 
in the transcriptional regulation of ToxA. In this chapter, putative cis-regulatory 
elements on the ToxA promoter and a candidate protein that binds to the 
element were not identified through promoter deletion analysis, DNase I 
footprinting or a yeast one-hybrid assay. Furthermore, despite being previously 
demonstrated to positively regulate the expression of ToxA (Rybak et al., 2017), I 
was unable to experimentally demonstrate the interaction of PnPf2 with its 
putative binding sites on the ToxA promoter. It is therefore hypothesized that the 
ToxA expression may not be directly regulated by a transcription factor. Also, the 
putative Pf2 binding sites identified on the ToxA promoter may not be the real 
binding sites for PnPf2. Subsequent analysis revealed that ToxA promoter with 
TATA box activated GFP expression in P. nodorum incubated in vitro but the 
presence of ToxA CDS significantly decreased the GFP transcripts. These 
results infer that ToxA expression is subjected to post-transcriptional regulation.  
The PtrToxA promoter is known to constitutively induce GFP expression in 
many ascomycetes (Lorang et al., 2001). Nevertheless, this promoter though 
with identical sequence, was never examined in the closely related fungus, P. 
nodorum. In this work, I examined activity of the ToxA promoter (407 bp) in two 
fungi belonging to the ascomycetes, B. sorokiniana and P. nodorum. Surprisingly, 
in B. sorokiniana, the ToxA promoter was induced in vitro but not in planta. On 
the contrary, GFP expression was both activated in vitro and in planta in P. 
nodorum. Together with the data from promoter deletion analysis, these results 
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provide confirmation that the region of ToxA promoter harbouring the TATA box is 
sufficient to activate high expression in P. nodorum. Previously, GFP expressed 
under 407 bp ToxA promoter was only confirmed in conidia of B. sorokiniana 
(Lorang et al., 2001). In this study, after germination, the GFP expression in B. 
sorokiniana was weaker than P. nodorum and even no expression was observed 
when infecting barley. Recently, it has been reported that ToxA is also present in 
B. sorokiniana with 517 bp upstream the translation start site completely 
identical in P. nodorum (McDonald et al., 2017). Interestingly, among the 35 
Australian B. sorokiniana isolates, only 12 isolates have been confirmed to 
harbour ToxA. The B. sorokiniana isolate (BRIP 27492) used in this study has 
been previously identified as a non-ToxA isolate. One possible reason for the 
undetectable GFP in B. sorokiniana during infection is that a specific and highly 
conserved regulatory system possessed by P. nodorum (with ToxA) controls the 
expression of ToxA during infection. Therefore, in B. sorokiniana BRIP 27492, a 
non-ToxA strain, the expression is not activated during infection due to lack of 
the regulatory system. Furthermore, it is conceivable that the weak expression of 
GFP when incubated in vitro could have been induced by the presence of the 
TATA box on the ToxA promoter.  
Interestingly, the expression of GFP when fused with the ToxA gene under the 
ToxA promoter was largely reduced in P. nodorum incubated in vitro. In contrast, 
GFP expressed without the ToxA gene under the same ToxA promoter was 
highly induced. Therefore, it is proposed that the expression is regulated at 
post-transcriptional level, as the reduction of expression was related with the 
presence of ToxA. RNAi is therefore considered as a possible reason for the low 
expression of ToxA in P. nodorum incubated in vitro. It is hypothesized that 
siRNA might target ToxA and cause degradation of ToxA. It is also hypothesized 
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that the ToxAGFP transcript is less stable than the GFP transcript. Alternatively, 
it is possible that the ToxA expression is reduced due to elongation blockage. A 
good example of elongation blockage is RNA polymerase II pausing. RNA 
polymerase II pausing is a widespread phenomenon in eukaryotes. The RNA 
polymerase is trapped at the pause site and then released when encountering 
specific activators such as elongation factors. As a result, RNA polymerase II 
pausing regulates gene expression for adaptation in different environment (Core 
& Lis, 2008). It is hypothesized that a pause site might exist on the ToxA gene 
and traps the RNA polymerase II during fungal growth in vitro while releases it 
for rapid expression during infection. Both hypotheses may explain the 
differential expression of ToxA in P. nodorum but need further investigation in the 
future.  
Several attempts were conducted unsuccessfully to isolate the putative 
regulator that may directly bind to the ToxA promoter. In the promoter deletion 
analyses, ToxA-URE1 on the ToxA promoter was identified as potentially having 
a role in the expression of ToxA. However, no candidate protein was identified to 
bind with ToxA-URE1 through DNase I footprinting or yeast one-hybrid. It has 
been previously reported that deletion of a TATA box results in the loss of, or 
reduced gene expression (Kloeckener-Gruissem et al., 1992). Therefore, the 
weak expression of ToxA may only be the result of deletion of the TATA box on 
the ToxA promoter. And according to the promoter deletion results, the TATA box 
is the only element identified in this study for inducing the expression of ToxA. 
TATA box usually presents on the promoters of stress-related genes which 
require rapid and variable expression (López-Maury et al., 2008). This suggests 
that TATA box may involve in the expression of ToxA. However, there is still 
possibility that other elements may also involve in the expression of ToxA and 
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was not identified in this study. 
 The interaction of PnPf2 and the putative Pf2 binding sites (Pf2BS) on the ToxA 
promoter was also examined in this study. A previous study reported that PnPf2 
positively regulated the expression of ToxA (Rybak et al., 2017). However, as 
described above, PnPf2 does not directly bind to Pf2BS, at least as assessed by 
the yeast one-hybrid assay. Furthermore, in the promoter deletion analysis, GFP 
was expressed in the ToxA promoter-GFP transcriptional fusions without the 
putative Pf2BS (407 bp of the ToxA promoter). These data strongly suggest that 
PnPf2 may not directly interact with Pf2BS on the ToxA promoter and induce the 
expression. Despite of possessing the putative Pf2 binding sites, there are 
several possible reasons for the failure of interaction between the ToxA promoter 
and PnPf2. Though Alternaria brassicicola AbPf2 and PnPF2 share high 
similarity (76%) in amino acids, there is no ToxA homolog identified in A. 
brassicicola. The sequence of Pf2BS was derived from the AbPf2 result which 
enriched motifs in promoters of genes with reduced expression in A. brassicicola 
pf2 mutant were analyzed (Cho et al., 2013). These motifs might be the frequent 
sequences in AbPf2-regulated promoters instead of the actual binding site for 
AbPf2. Furthermore, the amino acid sequences of Zn2Cys6 binuclear cluster 
DNA binding domain on PnPf2 share 85% identity with AbPf2 which may still 
lead to different DNA binding specificity. In addition, P. nodorum infects wheat 
while A. brassicicola infects Brassica species. Thus, it is highly possible that 
PnPf2 and AbPf2 might regulate the expression of distinct genes and bind to 
different motifs. Despite without direct interaction with Pf2BS on the ToxA 
promoter, PnPf2 may still control ToxA expression through an indirect regulatory 
process.  
In this chapter, no cis-regulatory elements other than TATA box were identified 
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on the ToxA promoter. Moreover, no transcription factor was identified to directly 
interact with the ToxA promoter in this study suggesting that there might be little 
relation of ToxA regulation with transcription initiation. Nevertheless, the ToxA 
promoter with TATA box was highly activated in the absence of ToxA. This 
implies that the regulation of ToxA possibly happens at elongation or 
post-transcriptional stage. Future work includes elucidating whether elongation 
blockage or RNAi directly regulates the expression of ToxA. The results in this 
chapter elucidate a putative and highly conserved regulatory mechanism for 
ToxA and can serve as a basis for future investigation.  
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Chapter 5 
The C2H2 zinc finger transcription factor 
PnCon7 is required for necrotrophic effector 
gene expression and pathogenicity in the wheat 
pathogen Parastagonospora nodorum 
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5.1 Introduction 
 
Whilst studies on how the NEs facilitate disease are advancing, the expression 
of these NEs has until recently been poorly understood. Effector characterisation 
studies have demonstrated that the expression of each of the encoding genes 
(ToxA, Tox1 and Tox3) is much higher during infection than axenic growth (Liu 
et al., 2009, 2012; Faris et al., 2011). Several reports now have provided 
evidence that the expression of ToxA and Tox3 is regulated, either directly or 
indirectly, by transcription factors. The Zn2Cys6 zinc finger transcription factor 
PnPf2 is known to positively regulate the expression of ToxA and Tox3 and 
affects the fungal pathogenicity on the ToxA and Tox3 sensitive wheat lines 
(Rybak et al., 2017). Moreover, an earlier study also reported that the expression 
of Tox3 in P. nodorum is regulated by the APSES transcription factor SnStuA 
(IpCho et al., 2010). In chapter 4, I was unable to experimentally verify that 
PnPf2 directly interacts with the ToxA promoter. Despite this, whether or not 
these transcription factors directly regulate the expression of Tox3 is unknown. 
In this chapter, I have sought to understand the basis of Tox3 gene regulation 
in P. nodorum. Through a series of complementary approaches, I have identified 
that a C2H2 zinc finger transcription factor PnCon7 interacts with the Tox3 
promoter to positively regulate the expression of Tox3 and control disease. 
These data fundamentally advance our growing understanding of effector gene 
expression and demonstrate the requirement for the PnCon7 transcription factor 
for disease. 
 
5.2 Chapter specific methods 
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5.2.1 Plasmid construction 
5.2.1.1 PnCon7 variants expression constructs 
The full length cDNAs of all splicing variants of PnCon7 were amplified with 
mutual primers, 08362-F3 and 08362-R2. The amplified fragment was then 
cloned in frame between the NdeI and EcoRI sites of the pGADT7 vector 
(Clontech) through Gibson assembly. The plasmids were designated 
pGADT7-PnCon7-1, pGADT7-PnCon7-2, pGADT7-PnCon7-3, and 
pGADT7-PnCon7-4, respectively. 
 
5.2.1.2 Gene silencing construct 
The vector pBARGPE1 (Pall & Brunelli, 1993) containing the Aspergillus 
nidulans gpdA promoter and the trpC terminator was cut open by SmaI. An 
antisense fragment of PnCon7 was amplified from pGADT7-PnCon7-1 with 
primers, pBAR-Con7-F1 and pBAR-Con7-R1. The 233bp fragment was then 
introduced in pBARGPE1 SmaI site based on the Gibson assembly system. The 
resulting plasmid was designated pCon7i. 
 
5.2.2 Alternative splicing transcript analysis 
Analyses of PnCon7 alternative splicing transcripts were performed by RT-PCR. 
Total RNA was obtained by using ZR Fungal/Bacterial RNA MiniPrep™ (Zymo 
Research). RNA samples were extracted daily for 6 days from P. nodorum wild 
type SN15 incubated either in Fries medium or on wheat Axe. Full length of 
PnCon7 cDNA was synthesized from 0.5 μg of RNA, using a cDNA synthesis kit 
(Promega) with gene-specific primers 08362-F3 and 08362-R2. All splicing 
variants were confirmed by cloning and sequencing. Partial PnCon7 cDNA with 
the alternative splicing region was synthesized from the above RNA samples 
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with primers 08362-F5 and 08362-R4. Identical amount of cDNA was run on a 
5% TBE acrylamide gel to confirm the presence and abundance of all splicing 
variants.  
 
5.2.3 Sequence analysis and phylogenetic trees 
Sequence comparisons and phylogenetic trees were made using the Geneious 
software with sequences obtained from the NCBI database. 500 bp upstream 
regions of P. nodorum genes were extracted from the NCBI database. The 
sequences were then imported into Geneious for searching the Tox3-URE1 
(CTCCACCTATCC was subjected to the analysis). 38 orthologues were 
selected from fungal pathogens based on the top BlastP hits to PnCon7 via the 
NCBI database. Sequences were aligned with MAFFT using default settings. 
The phylogenetic tree was constructed using RAxML with Maximum Likelihood 
approach (Stamatakis et al., 2005). Bootstrap analysis set at 1000 repetitions 
was used. The nuclear localization signal was predicted using NucPred 
(http://www.sbc.su.se/~maccallr/nucpred/). C2H2 Zinc finger and Coiled-coil 
regions were identified with the database InterPro 
(http://www.ebi.ac.uk/interpro/).  
 
*DNase I footprinting and yeast one-hybrid methods were described in chapter 4.
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5.3 Results 
 
5.3.1 A cis-regulatory element required for Tox3 expression is located at 
position -237 to -213 
 
Tox3 promoter fragments of varying lengths were amplified and fused to GFP 
to generate a series of transcriptional fusion constructs (Figure 5.1A). Each of 
the constructs was transformed into P. nodorum SN15 with a minimum of 20 
transformants generated per construct. Subsequent PCR screening confirmed 
the presence of the expression cassette in at least eight transformants per 
construct and these were chosen for further analysis. 
 
Previously, fluorescence analysis of the GFP-tagged Tox3 transformants 
(Tox3GFP) confirmed GFP expression driven from the 1.5 kb Tox3 promoter 
implying that the elements required for expression were present (see Figure 3.3 
in chapter 3). Subsequent promoter deletion experiments demonstrating 
comparable levels of GFP fluorescence were also observed when expressed 
with a 279 bp and also a 237 bp promoter. However, no fluorescence was 
observed when the promoter length was reduced to 212 bp or less, suggesting 
that a required cis-regulatory element for Tox3 expression resided within -237 to 
-213 of the promoter region (Figure 5.1B).  
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Figure 5.1. Promoter deletion assay identified a cis-regulatory element on 
the Tox3 promoter. (A) Diagram of the Tox3 promoter:GFP constructs. The 5′ 
end points of the different constructs are indicated relative to the translation start 
site (ATG). (B) GFP expression in Tox3 promoter:GFP transformants. Tox3 
promoter:GFP constructs were transformed into P. nodorum SN15. Numbers in 
bracket represented the Tox3 promoter length. Conidia of the transformants 
were incubated either in PDB for 24 h or inoculated on Grandin for 24 h. The 
expression of GFP was observed by epifluorescence microscopy. DIC: 
differential interference contrast. Arrows denote hypha. Scale Bar = 50 μm.
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To detect P. nodorum proteins binding within -237 to -213 bp of Tox3, DNase I 
footprinting was used as a second independent approach. DNase I footprinting 
is a DNA-protein interaction technique working on the basis that an interacting 
protein will protect the bound DNA from DNase I cleavage which can then be 
monitored by a variety of techniques. Based on the identification of the putative 
interaction site above, a 6-FAM labelled flanking region around the putative 
cis-regulatory element (-279 to -164 bp) of the Tox3 promoter was incubated 
with a crude protein extract derived from 3-day-old P. nodorum in Fries medium 
then subjected to DNase I digestion. Fries medium was chosen as the preferred 
growth environment as it induced maximal Tox3 expression compared to other 
media, and therefore it was assumed that any interacting positive transcription 
factor would also be present (see Figure 3.5 in chapter 3). Subsequent analysis 
revealed a protection pattern (much lower peaks in the presence of P. nodorum 
proteins compared with absence of proteins) from position -236 to -202 and 
three hypersensitive sites (much higher peaks in the presence of proteins 
compared with absence of proteins) at the flanking region (-237, -238, -239). The 
peaks represented the fluorescence intensity (6-FAM) detected at the assigned 
position (Figure 5.2A). In addition to protection from DNase I cleavage, protein 
binding may induce hypersensitive sites at which the cleavage is enhanced due 
to protein-induced DNA distortions that facilitate exposure to the enzyme. This 
result suggests that a putative protein bound to the position after -236 and 
caused distortion of DNA upstream the binding site. Furthermore, the 
dideoxynucleotide sequencing reactions indicated the hypersensitive sequence 
as TAC and protein bound from -235 to -202 (Figure 5.2B). These data provide 
further evidence of a cis-regulatory element 
(5’-CTCCACCTATCCTAATCTAGTTAAA-3’) between -237 to -213 bp from the 
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Tox3 translation start site (ATG). Consequently, this region was defined as 
Tox3-URE1 (Tox3 Upstream Regulatory Element 1) (Figure 5.3).  
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Figure 5.2. Analysis of DNase I-digested Tox3 promoter fragment. The y-axes are 
in relative fluorescence units (3730 DNA Analyzer) which represent fluorescence from 
6-FAM. Sequence positions are marked with reference to the start codon of the Tox3 
gene. (A) Overlay of electropherograms of DNase I-digested DNA in the presence of P. 
nodorum SN15 protein (blue) and without protein (red). The horizontal bracket indicates 
the protected region, and hypersensitive sites are indicated with red asterisks. (B) 
Overlay of DNase I-digested DNA with the dideoxynucleotide sequencing reaction using 
the same 6-FAM-labeled primer. In the upper panel, the protein protected trace (blue) 
and without protein trace (red) were superimposed to show the protected region. In the 
lower panel, the traces for the dideoxynucleotide sequencing reactions were 
superimposed. Precise alignment of size standards (Liz-500, orange peaks) allows 
assignment of DNA fragments to specific bases.  
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Figure 5.3. Nucleotide sequence of the 5’ region of the Tox3 gene and the 
deduced amino acid sequence of the N-terminus of the gene product. 
Tox3-URE1 (underlined). Putative TATA box (boxed). Arrow indicated promoter 
length used in the promoter deletion analysis. 
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5.3.2 A putative transcription factor binds specifically to Tox3-URE1  
 
A yeast one-hybrid approach was used to screen for DNA binding regulatory 
proteins that interact with the Tox3-URE1 region identified above. Firstly, two 
repeats of Tox3-URE1 were cloned into a bait vector, pINT1-HIS3NB prior to 
transformation into the yeast strain Y187, generating the bait strain yTox3URE1. 
Another yeast strain (yp53BS) harbouring the human p53 binding site was 
generated and used as negative control to exclude non-specific binding. 
Subsequent testing revealed that the growth of both yTox3URE1 and yp53BS 
were completely inhibited on -His medium without addition of 3-AT suggesting 
no leaky expression of HIS3. The prey cDNA library was constructed in 
pGADT7-rec by cloning cDNA from P. nodorum grown in Fries medium. The 
cDNA library was then transformed in Y2HGold to generate the prey strain for 
mating with the bait strain (Figure 5.4A). After screening, only one plasmid 
resulted in specific interaction with the Tox3-URE1 (growth observed on medium 
lacking leucine and histidine) while no specific interaction occurred in the 
negative controls with either yp53BS or empty vector (no growth observed on 
medium lacking leucine and histidine) (Figure 5.4B). Subsequent analysis of the 
open reading frame against the annotated P. nodorum genome revealed that the 
interacting plasmid harboured the gene SNOG_08362. This result confirmed 
that the specific interaction between Tox3-URE1 and SNOG_08362 was 
required for selection.  
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Figure 5.4. SNOG_08362 specifically interacted with the Tox3-URE1. (A) 
Design of bait and prey constructs for Y1H screening. (B) yTox3URE1 
expressing SNOG_08362 grew on the -Leu -His medium. Yeast cells were 
grown into stationary phase and adjusted to 1, 10
-1
, and 10
-2
 times of dilution 
before spotting onto appropriate plates. The indicated selective media were 
incubated at 30°C for 3 days. 
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5.3.3 SNOG_08362 is an ortholog of Con7 transcription factor with four 
alternative splicing variants 
 
BlastP analysis of SNOG_08362 revealed a sequence similarity to Con7p from 
Magnaporthe oryzae and Con7-1 from Fusarium oxysporum, of 46% and 54.8% 
respectively (Figure 5.5A). As such, SNOG_08362 was designated as PnCon7. 
The predicted PnCon7 protein was most similar to uncharacterised putative 
orthologs in Setosphaeria turcica and Bipolaris sorokiniana with over 85% amino 
acid identity (Figure 5.5B). Indeed, Con7 was present in most ascomycetes and 
was highly conserved within Pleosporales group. All Con7 orthologs preserved a 
highly conserved C2H2 zinc finger (Figure 5.6). Analyses of PnCon7 proteins 
using NucPred and InterPro revealed that it contains nuclear localization signal, 
a C2H2 zinc finger and coiled-coil region (Figure 5.7). 
 
Previous studies on Con7 have reported the gene to have different splicing 
variants (Odenbach et al., 2007; Ruiz-Roldan et al., 2015). By analysing 
previously published RNA-seq data (Syme et al., 2016), four alternative splicing 
variants of PnCon7 were identified (Figure 5.7 & 5.8).
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Figure 5.5. Alignment of Con7 ortholog proteins. (A) Protein from Fusarium 
oxysporum f. sp. lycopersici FOXG_11503 (FoCon7-1), Magnaporthe oryzae 
DQ985585 (MoCon7p), and SNOG_08362 (PnCon7). (B) PnCon7 ortholog 
proteins from Pleosporales. Bipolaris sorokiniana (XP_007703328), 
Setosphaeria turcica (XP_008029386.1), Pyrenophora tritici-repentis 
(XP_001938925.1). Amino acid sequences were aligned using MAFFT. Identical 
and similar amino acids were shaded black and grey, respectively.  
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Figure 5.6. Con7 is conserved in Pleosporales. (A) Aligned amino acid 
sequences showed conserved C2H2 zinc finger. Identical and similar amino 
acids were shaded black and grey, respectively. (B) Phylogenetic tree of Con7 
orthologs. SNOG_08362 variant 2 (PnCon7-2) was subjected to this analysis 
because better alignment with other orthologs in the database. Con7 
characterized (underlined).  
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Figure 5.7. PnCon7-1, PnCon7-2, PnCon7-3 and PnCon7-4 differ only in 
their N terminus. Intron retention in PnCon7 transcripts lead to a divergent N 
terminus (underlined). In the rest of the proteins, including the zinc finger motif 
and coiled coil, all the variants were identical. Identical amino acids were shaded 
black. The nuclear localization signal (NLS) was indicated with a dashed line. 
The predicted C2H2 zinc finger was indicated with a line and the coiled-coil 
region was indicated with a double arrow line. Arrows indicated the position of 
the introns. 
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 The 1553bp PnCon7 pre-mRNA was processed to 4 variants, which differ only 
at the boxed 5’ regions (alternative splicing region) (Figure 5.8). For variant 1 
(PnCon7-1), three exons (E1a, E1b, and E1c) were identified in this region, 
resulting in a protein of 330 amino acids. Two exons (E1a and E1d) were 
identified in the boxed region of variant 3 (PnCon7-3) and two exons with 
different sizes (E1e and E1c) were identified in the boxed region of variant 4 
(PnCon7-4) resulting in each encoding proteins of different sizes (PnCon7-3, 
355 amino acids and PnCon7-4, 346 amino acids). Variant 2 (PnCon7-2) was 
the largest alternative splicing variant of PnCon7. Only one large exon (E1) was 
identified in the boxed region of variant 2 (PnCon7-2) and the whole transcript 
was translated into 377 amino acids. Interestingly, there was no putative domain 
predicted for the alternative splicing region.  
 
The presence and abundance of the four alternative splicing variants of PnCon7 
were assessed during growth in axenic culture and infection by RT-PCR. 
Subsequent PCR and sequencing analysis confirmed the presence of each 
transcript variant under all conditions assayed. Moreover, the abundance of 
each variant appeared dependent on the growth condition and time (Figure 5.9). 
These analyses though have conclusively demonstrated that the splicing 
variants of PnCon7 co-exist during growth and change abundance in response 
to environmental conditions.  
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Figure 5.8. PnCon7 was subjected to alternative splicing and produced 
four splicing variants. Structure of PnCon7-1, PnCon7-2, PnCon7-3, and 
PnCon7-4 transcripts. PnCon7-1 was produced by splicing of five introns from 
the PnCon7 pre-mRNA. PnCon7-2 was produced by splicing of the last three 
introns and retention of the first and second introns. PnCon7-3 was produced by 
splicing of the last three introns and retention of the second intron. PnCon7-4 
was produced by splicing of the last three introns and retention of the first intron. 
E1, exon 1; E1 includes five possible alternatives (indicated by E1a-e). E2, exon 
2; E3, exon 3; E4, exon 4. Numbers indicated intron position from the start codon. 
Boxed: alternative splicing region.  
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Figure 5.9. Four PnCon7 alternative splicing variants appeared during 
fungal growth in vitro and in planta. Daily change in PnCon7 transcripts 
(RT-PCR products) after incubating in Fries medium or Axe (in planta). 
unspliced: PnCon7 unspliced PCR product. Marker DNAs (M) are in 100 base 
pair increments. Identical amount of total RNA was used in every RT-PCR 
reaction. Results are representative of three biological replicates per treatment.  
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5.3.4 PnCon7-2 is not able to interact with Tox3-URE1 
 
PnCon7-4 was the splicing variant of PnCon7 identified in the initial Y1H 
screening. To verify whether the other three variants were able to interact with 
the Tox3-URE1, cDNA sequences from PnCon7-1, PnCon7-2, and PnCon7-3 
were cloned into the yeast expression vector pGADT7 (Clontech). The resulting 
plasmids were transformed into either the yTox3URE1 or the yp53BS bait strains. 
Yeast cells carrying the plasmid containing cDNA of either PnCon7-1 or 
PnCon7-3 grew on medium lacking His and Leu, but those carrying the plasmid 
containing the cDNA of PnCon7-2 did not (Figure 5.10A). There was no 
interaction of any of the PnCon7 protein variants with the negative control bait 
p53BS substantiating their specific interaction with Tox3-URE1. yTox3URE1 
cells with PnCon7-2 showed reduced growth on -Leu medium and large amount 
of protein was observed on the Western blot (Figure 5.10B). In contrast, yp53BS 
with PnCon7-2 showed normal growth on – Leu medium suggesting that 
PnCon7-2 with low expression level was not toxic for yeast but high expression 
level of PnCon7-2 may affect yeast growth. Western blot analysis confirmed that 
all variants were expressed in the bait strains (Figure 5.10B). Furthermore, the 
distinct size of each protein variant revealed that the cDNA was not processed to 
form other variants in yeast. These results indicate that PnCon7-1, PnCon7-3, 
and PnCon7-4 but not PnCon7-2, specifically interacted with Tox3-URE1. 
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Figure 5.10. PnCon7 variants interacted with Tox3-URE1. (A) yTox3URE1 
expressing PnCon7-1 or PnCon7-3 grew on the -Leu -His medium. Yeast 
transformants with PnCon7-2 showed reduced growth on -Leu medium and no 
growth on the -Leu -His medium. Yeast cells were grown into stationary phase 
and adjusted to 1, 10
-1
, and 10
-2
 times of dilution before spotting onto 
appropriate plates. The indicated selective media were incubated at 30°C for 3 
days. (B) Western blots using HA antibody and coomassie blue (CB) staining of 
yeast cell extracts. 1: PnCon7-3. 2: PnCon7-2. 3: PnCon7-1. 4: PnCon7-4 in 
yp53BS. 5: empty vector. 6: PnCon7-4. 7: PnCon7-3 in yp53BS. 8: PnCon7-2 in 
yp53BS. 9: PnCon7-1 in yp53BS. All constructs were expressed in yTox3URE1 
except as indicated. M: protein standard (Novex) 
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5.3.5 Tox3 expression correlates with PnCon7 expression 
 
Having confirmed that three splicing variants of PnCon7 were able to interact 
with the Tox3-URE1 cis-regulatory element within the Tox3 promoter, it was 
needed to determine if this interaction positively or negatively regulated Tox3 
expression. To do this, PnCon7 gene was attempted to remove from P. nodorum 
genome through homologous recombination with a selectable marker. However, 
despite being an established approach in P. nodorum, we have failed to obtain 
transformants lacking PnCon7.  
 
Consequently, RNA silencing was trialled to down-regulate the expression of 
PnCon7 in P. nodorum. Various species of RNA, such as sense, antisense, 
double strands, and hairpin, have been demonstrated to trigger RNA silencing in 
fungi (Kadotani et al., 2003). Here, RNA silencing was manipulated by 
introducing antisense PnCon7 E1c into the P. nodorum wild type SN15 (Figure 
5.11). E1c is a common exon presented in all PnCon7 alternative splicing 
variants. Over 30 transformants were selected on the medium containing the 
selectable marker bialaphos. The intact silencing cassette was confirmed in 
each transformant by PCR (data not shown). These transformants were then 
designated con7i. Subsequent analyses revealed the con7i transformants were 
phenotypically comparable to SN15 (Figure 5.12).  
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Figure 5.11. Schematic representation of the silencing vector pCon7i. 
pCon7i was used for PnCon7 silencing in SN15. PgpdA, Aspergillus nidulans 
gpdA promoter; 233 bp inverted PnCon7-1 E1c; TtrpC, A. nidulans trpC 
terminator. 
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Figure 5.12. con7i transformants showed no phenotypic difference from 
the wild type. (A) Representative con7i transformants and the wild type SN15 
were grown on V8-PDA for 14 days. (B) Radial growth of con7i transformants 
and SN15 on V8-PDA. (C) Conidiation of the con7i transformants and the wild 
type SN15. Conidia were washed off from a 14-day-old colony and calculated by 
a hemacytometer. Values are the average of three replicates ± standard error.    
 
Shao-Yu Lin /Thesis 2017 
 127 
The expression level of PnCon7 was examined in six con7i transformants by 
qRT-PCR (Figure 5.13A). The results showed that in most transformants, the 
expression of PnCon7 was reduced to about 50% of the expression level in wild 
type SN15. con7i-6 was most reduced with only approximately 20% of the wild 
type expression level observed. In contrast, the expression of PnCon7 in con7i-9 
was about 90% of the wild type. The expression of Tox3 was then assessed in 
the con7i transformants. qRT-PCR analyses revealed that the expression of 
Tox3 in each of the con7i transformant was significantly lower than that 
observed in the wild type P. nodorum lacking the PnCon7 antisense construct. It 
was striking to observe that the expression level of Tox3 closely correlated with 
PnCon7 expression level suggesting that PnCon7 may regulate Tox3 
expression in a dose-dependent manner.  
 
5.3.6 PnCon7 regulates the expression of multiple genes 
 
Based on the DNase I footprinting results, 10 bp (CTCCACCTATCC) of 
Tox3-URE1 was hypothesized to be involved in PnCon7 binding. By searching 
in the 500 bp upstream region of the P. nodorum gene database, 9 genes were 
identified to have the identical 10 bp Tox3-URE1 on their promoter regions, 
either on the plus or minus strand (Figure 5.14). These 9 genes were 
SNOG_08532, SNOG_04692, SNOG_03685, SNOG_06438, SNOG_05144, 
SNOG_01612, SNOG_14514, and SNOG_03684. Most of these are 
hypothetical proteins without a known function. SNOG_06438 and 
SNOG_14514 are predicted to be putative effectors by EffectorP (Sperschneider 
et al., 2016). Three genes (SNOG_01612, SNOG_03684, and SNOG_05144) 
were subjected to qRT-PCR to check their expression levels in the con7i 
Shao-Yu Lin /Thesis 2017 
128 
 
transformants. SNOG_01612 was most similar to Sey1 of Alternaria alternata 
sharing approximately 86% identity. SNOG_03684 was recognized as a highly 
conserved protein in the fungal kingdom without known function. SNOG_05144 
is a serine carboxypeptidase, which is most similar to Kex1 in Leptosphaeria 
maculans with 79% identity. Interestingly, the expression level of these genes 
also correlated with that of PnCon7 suggesting dose-dependent regulation by 
PnCon7 as demonstrated for Tox3. The expression fold changes of these genes 
in the con7i transformants were similar with PnCon7 and Tox3, with con7i-6 
showing the lowest expression level and con7i-9 remaining almost unchanged 
(Figure 5.13B).  
 
Having identified that the expression of PnCon7 affects the expression of Tox3, 
its impact on the expression of ToxA and Tox1 was examined (Figure 5.13C). 
The analysis of ToxA expression in the con7i transformants revealed that the 
expression was reduced in all the transformants, but not in a dose-dependent 
manner. More striking was the strong reduction of Tox1 expression in all con7i 
transformants. As observed with ToxA, the expression level of Tox1 was not 
dose-dependent on the expression level of PnCon7 implying that its influence on 
the expression of ToxA and Tox1 may be indirect. To further check the 
correlation and dependence of PnCon7 and other genes, the expression fold 
changes of ToxA, Tox1 and genes harbouring a 10 bp Tox3-URE1 in their 
promoters were compared with the expression fold changes of PnCon7 in the 
con7i transformants (Figure 5.15). The expression of Tox3, SNOG_01612, 
SNOG_03684, and SNOG_05144 strongly correlated with PnCon7 (R2=0.95, 
0.89, 0.82 and 0.77, respectively). In contrast, there appeared little correlation 
between the expression of ToxA and Tox1 with PnCon7 (R2=0.14 and 0.11, 
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respectively) (Figure 5.15). This lack of correlation between Tox1 and PnCon7 
was best typified in con7i-9 which demonstrated the weakest silencing of 
PnCon7 but showed only about 10% expression of Tox1. This implies that the 
down-regulation of Tox1 is likely an indirect effect of PnCon7 silencing.  
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Figure 5.13. Gene silencing of PnCon7 resulted in down-regulation of Tox3, 
ToxA, Tox1, and genes with a 10 bp Tox3-URE1 on the promoter regions. 
(A) Expression of PnCon7 and Tox3 in the con7i transformants as determined by 
qRT-PCR. (B) Expression of genes with a 10 bp Tox3-URE1 on the promoters in 
comparison to PnCon7. Translation elongation factor (SNOG_11663) was used 
as control. (C) Expression of ToxA and Tox1 in comparison to PnCon7. Values 
shown in y-axis represent the relative fold changes of gene expression. For all 
genes scored, the relative fold change was calculated by comparing with the wild 
type SN15. γ-actin was used as a reference gene for normalization. Biological 
triplicates were assayed using technical replicates. Standard error bars are 
shown. *p<0.05. 
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Figure 5.14. Nucleotide sequences spanning the 10 bp Tox3-URE1 used for 
analysis. *SNOG_03684 and SNOG_03685 shared the same 500 bp upstream 
region. (+) numbers indicated bp on plus strand of the gene promoter. (–) 
numbers indicated bp on minus strand of the gene promoter. Sequences 
subjected to analysis are boxed. 
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Figure 5.15. The linear correlation of the expression fold changes of 
PnCon7 and the expression fold changes of other genes tested in this 
study. Expression of genes with a 10 bp Tox3-URE1 on the promoters showed a 
positive correlation with the expression of PnCon7.  
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 5.3.7 con7i transformants are less pathogenic on wheat  
 
It was hypothesized that the down-regulation of Tox3 in the con7i transformants 
would negatively impact disease development. To test this, the wheat cultivar 
Corack was infected with the con7i transformants. Corack is the wheat line that 
carries the Snn3 susceptibility gene, and responds to Tox3 (Tan et al., 2014). 
Spore solutions from the con7i transformants were inoculated onto Corack 
leaves and compared with the wild type SN15. It was shown that lesion 
development of con7i-1 and con7i-6 was impaired on Corack suggesting 
pathogenicity was largely reduced in con7i-1 and con7i-6 while only slightly 
decreased in con7i-9. As a result, it was indicated that the expression level of 
PnCon7 affected disease development of P. nodorum in Tox3 sensitive wheat 
(Figure 5.16).  
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Figure 5.16. con7i transformants were less pathogenic on wheat.  
Detached leaf assays on Corack at 5 dpi. The images of diseased leaves 
represent infections of the P. nodorum wild type SN15 and con7i transformants.  
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5.4 Discussion 
 
 Despite the significant advances recently achieved in dissecting the role of P. 
nodorum effectors during infection, the mechanisms underlying their regulation 
are poorly understood. Though two transcription factors (PnPf2 and SnStuA) 
have been reported to positively regulate the expression of Tox3, no evidence of 
direct regulation are shown in these studies (IpCho et al., 2010; Rybak et al., 
2017). Furthermore, although putative binding motifs for Pf2 (NRHKGNCCGM) 
or StuA (WCGCGWNM) have been identified in two other fungi, Alternaria 
brassicicola and Aspergillus nidulans (Dutton et al., 1997; Cho et al., 2013), 
these sites are not identifiable on the Tox3 promoter suggesting that these two 
transcription factors may not directly regulate Tox3. Through independent and 
complementary approaches, it was demonstrated that the C2H2 zinc finger 
transcription factor, PnCon7, directly interacts with the cis-regulatory element 
Tox3-URE1 on the Tox3 promoter and positively regulates its expression. 
Moreover, the expression of two other necrotrophic effector genes, ToxA and 
Tox1, was affected by down-regulation of PnCon7. Consequently, this work 
provides insight into a highly conserved transcription factor controlling 
expression of necrotrophic effector genes in P. nodorum, which has important 
consequences for disease development. 
 
PnCon7 is first identified by yeast one-hybrid assay showing direct interaction 
with the Tox3 promoter. To decipher its function in P. nodorum, gene knockout 
analysis was attempted. Though successful examples of gene disruptions in P. 
nodorum through homologous recombination, it was unsuccessful to obtain a 
PnCon7 knockout mutant after multiple attempts. One possible reason is that 
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PnCon7 is essential for P. nodorum basal physiology and therefore deletion of 
PnCon7 may be lethal. Another possible reason is that the knockout mutant may 
show extremely slow growth on the selection medium; therefore, was 
disregarded during the selection process. As such RNA silencing was employed 
to down-regulate the expression of PnCon7 rather than remove it completely. In 
contrast to the abnormal phenotype of the mutants generated in Magnaporthe 
oryzae and Fusarium oxysporum where Con7 completely lost its function 
(Odenbach et al., 2007; Ruiz-Roldan et al., 2015), the silencing of PnCon7 had 
no phenotypic effect on P. nodorum. This suggests that reduced levels of 
PnCon7 are sufficient to maintain a wild type phenotype. Alternatively, PnCon7 
may have distinct roles to those characterised in other fungi. The phylogenetic 
analysis demonstrated that Con7 within the Pleosporales is evolutionary 
separated from the other fungal groups. Moreover, Con7 from M. oryzae and F. 
oxysporum share poor similarity with PnCon7 (compared to orthologs within the 
Pleosporales). Therefore, it is possible that though conserved in ascomycetes, 
Con7 proteins within the Pleosporales may have distinct roles to those in other 
Orders.  
The function of Con7 in other Orders has been previously described in 
Magnaporthe oryzae and Fusarium oxysporum as a central regulator of 
morphogenesis and pathogenesis. RNA expression profiles revealed that Con7 
were able to regulate the expression of a variety of genes (Odenbach et al., 
2007; Ruiz-Roldan et al., 2015). Although Con7 was recognized as a central 
regulator of gene expression, the basis of this regulation was unknown. It is 
indicated that the orthologs of this gene were found to be highly conserved in 
filamentous ascomycetes. Highly conserved transcription factors usually have 
general functions for fungal physiology, such as development, morphology, 
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carbon metabolism and nitrogen metabolism (Todd et al., 2014). Interestingly 
though, microarray analyses have also shown that Con7 is responsible for the 
expression of effector genes involved in host-pathogen interaction (Odenbach et 
al., 2007; Ruiz-Roldan et al., 2015). For instance, the avirulence (Avr) genes 
SIX8 and SIX9 are regulated by Con7 in Fusarium oxysporum (Ruiz-Roldan et 
al., 2015). Moreover, analyses of gene expression in the con7p knockout 
background suggest Con7 in Magnaporthe oryzae regulates pathogenesis 
related effectors such as chitin binding proteins (Odenbach et al., 2007). Another 
evidence of Con7 regulating the expression of pathogenesis related effector 
genes has been provided in this study. Through yeast one-hybrid and gene 
expression analysis, PnCon7 was shown to positively and directly regulate the 
expression of necrotrophic effector gene Tox3 in P. nodorum and does so in a 
dose-dependent manner.  
 
Previously, Con7 was shown to control the expression of a variety of genes. In 
addition to Tox3, the pleiotropic nature of PnCon7 control was demonstrated in 
this study through the identification that several genes harbouring sequences in 
their promoters matching a 10 bp of Tox3-URE1 were down-regulated in the 
con7i transformants. The expression of these genes correlates with the 
expression of PnCon7 further substantiating the direct and specific interaction 
between PnCon7 and the 10 bp of Tox3-URE1. Careful analysis of the promoter 
regions of both Tox1 and ToxA found no obvious Tox3-URE1 and thus it was 
hypothesized that PnCon7 would not influence the expression of these effector 
genes. However, as demonstrated, the expression of both genes was 
significantly down-regulated in the con7i transformants. Our data though 
suggests PnCon7 may not directly regulate the expression of ToxA and Tox1 
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through promoter interaction. Firstly, as mentioned, there are no candidate 
PnCon7 binding sites evident within the upstream regions of either gene. 
Secondly, the expression of either effector gene was not correlated with the 
expression of PnCon7 as was evident for the other genes harbouring a 10 bp of 
Tox3-URE1 in their promoters suggesting that there may be an alternative basis 
for the effect on ToxA and Tox1 gene expression in the con7i transformants. For 
instance, PnCon7 may interact with other regulatory proteins that are affected by 
silencing of PnCon7. Previous studies analyzing the expression of effector 
genes in P. nodorum have reported that multiple transcription factors have a role 
in regulating ToxA and Tox3 gene expression. However, there is no evidence 
that these transcription factors regulate this expression through direct interaction 
(IpCho et al., 2010; Rybak et al., 2017). Moreover, to our knowledge, there is no 
evidence to suggest a transcription factor regulates Tox1 expression. It has 
though been reported that Tox3 expression is epistatic to Tox1 implying that 
Tox1 has a transcriptional suppression role over Tox3 expression (Rybak et al., 
2017). There have been no reports to date on the influence of Tox3 expression 
on Tox1 expression. Recently, Tox1 was reported as a chitin binding protein and 
its role for chitin protection was verified (Liu et al., 2016). The ability of Con7 to 
control the expression of several chitin binding proteins was also indicated in two 
other fungi M. oryzae and F. oxysporum (Odenbach et al., 2007; Ruiz-Roldan et 
al., 2015). Consequently, these data suggest a potential common role of Con7 
for chitin binding and effector expression in filamentous fungi. 
 
Interestingly, while investigating the transcript of PnCon7, four splicing variants 
of PnCon7 were identified. Alternative splicing has also been identified in other 
orthologs. In Magnaporthe oryzae, two different Con7 transcripts were observed. 
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Similarly, alternative splicing at the 5’ end of Fusarium oxysporum Con7-1 
generated four different transcripts, which were revealed to produce four 
proteins containing specific phosphorylation sites (Odenbach et al., 2007; 
Ruiz-Roldan et al., 2015). The alternative splicing pattern of PnCon7 identified in 
this study is similar to F. oxysporum Con7-1. However, the phosphorylation sites 
in PnCon7 remain further investigation. Comprehensive research into alternative 
splicing events in humans has identified several different types of alternative 
splicing (Keren et al., 2010). The type of alternative splicing observed for 
PnCon7 is defined as intron retention whereby an intron sequence is kept in the 
mature RNA or spliced out. Intron retention is verified as a common 
phenomenon in fungi but is rare in humans (Kim et al., 2008). Previously, 
retention of introns was considered as a spurious event of little biological 
significance. However, until now, retention of introns were shown to have 
regulatory roles, such as stabilize RNA structure, affect translational efficiency, 
modify biological function, facilitate RNA polymerase II pausing (Ner-Gaon et al., 
2004; Galante et al., 2004; Braunschweig et al., 2014). Moreover, genes with 
intron retention have shown to be highly and widely expressed and might involve 
in tumor formation in humans (Sakabe & de Souza, 2007; Dvinge & Bradley, 
2015). These studies support the theory that intron retention of PnCon7 is 
biologically significant as all of the PnCon7 alternative splicing variants exist 
during fungal growth in vitro and in planta regardless of having the same DNA 
binding C2H2 zinc finger. It is considered that alternative splicing may be most 
important in complex systems where distinct gene information needs to be 
processed from one gene (Nilsen & Graveley, 2010). Furthermore, alternative 
splicing allows formation of a new form of protein without disturbing the original 
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copy of gene (Kim et al., 2008). These features imply that the variants of 
PnCon7 may have a more complicated role than expected. 
 
The complex role of PnCon7 splicing variants exemplified in the yeast 
one-hybrid result that the PnCon7-2 splicing variant was unable to interact with 
Tox3-URE1. On the contrary, the other three variants (PnCon7-1, PnCon7-3, 
and PnCon7-4) were each able to interact with the Tox3-URE1 indicating that 
these may be the active forms of PnCon7 on Tox3 expression whilst PnCon7-2 
could be an inactive form. Until recently, most studies on alternative splicing 
have tended to focus on active rather than inactive forms. Most inactive forms 
occur by early introduction of a premature stop codon and therefore produce a 
truncated and inactive protein. In this study, the PnCon7-2 transcript doesn’t 
result in an early stop codon but results in a longer protein variant. Moreover, the 
increase of the PnCon7-2 transcript at specific time (day three during growth in 
vitro and day four in planta as shown in figure 5.9) suggests that the inactive 
form PnCon7-2 is not a spurious event and may have a specific function. 
Several reports have revealed that the alternative spliced inactive forms 
negatively regulate their own expression, trigger an alternative metabolic 
pathway, or compete for the same regulatory element (Black, 2003; Quesada et 
al., 2003; Bignell et al., 2005). There has been debate regarding the necessity of 
keeping inactive proteins in cell and it has been suggested that the inactive 
forms may keep a steady-state in cell, and as a result, control gene expression 
at specific time (Quesada et al., 2003; Tress et al., 2007). Therefore, PnCon7-2 
may involve in keeping a steady-state for PnCon7 production in P. nodorum. On 
the other hand, the actual role of PnCon7-2 may be revealed from protein 
structure. PnCon7 is a proline and glutamine rich protein with a highly conserved 
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Cys2His2 zinc finger DNA binding domain. Proline-rich proteins are known to be 
involved in protein-protein binding and interact rapidly and non-specifically to a 
range of other proteins (Williamson, 1994). Furthermore, the coiled-coil region of 
PnCon7 also suggests the PnCon7 may form either a homo- or heterodimer. 
Although there is no domain identified for the alternative splicing region on 
PnCon7, the alternative splicing region may contribute to divergent protein 
functions and interact with other proteins while the structure of PnCon7-2 may 
inhibit the function. Accordingly, further studies would be necessary to 
investigate the protein structure of PnCon7 to unravel the specific role of each 
variant.  
 
In summary, the regulation of expression of Tox3 and other necrotrophic 
effector genes (ToxA and Tox1) by PnCon7 indicates a highly conserved 
transcription factor for expression of effector genes involved in virulence. This 
study is the first of its kind where a potential binding site and a directly regulated 
effector for Con7 is identified in the filamentous fungus. The interesting 
questions to be answered in the future relate to the identification of additional 
genes (effector genes) regulated by PnCon7 and to elucidate the potential 
functions of each alternative splicing variant. Since Con7 orthologs are also 
present in other pathogenic fungi, results from this work depicts the predictive 
roles for Con7 as a central regulator in gene expression and regulation. 
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Chapter 6 
Conclusions and Perspectives 
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Necrotrophic effectors (NEs) are recognised as key disease determinants of 
the wheat pathogen P. nodorum with multiple studies confirming the required 
roles that ToxA, Tox3 and Tox1 play in facilitating disease. Despite this, the 
transcriptional regulation of these necrotrophic effector genes is unclear. The 
primary aim of this study was to investigate mechanisms behind the 
transcriptional regulation of ToxA and Tox3. Through promoter analyses, DNase 
I footprinting and yeast one–hybrid assays, the putative factors involved in 
regulating the expression of ToxA and Tox3 were identified and assessed. 
 
In chapter 3, several nutrients were examined for the ability to induce the 
expression of Tox3 and ToxA. Tox3 expression was found to be induced in Fries 
medium. Subsequent analysis of the ingredients in Fries medium revealed that 
yeast extract contributed to the strong expression of Tox3 in Fries medium.  
Surprisingly, ammonium in Fries medium negatively regulated the expression of 
Tox3. In addition to Fries medium, leaf washings and thiamine were also found 
to positively regulate the expression of Tox3. However, it is unclear as whether 
or not leaf washings and thiamine directly regulate the expression. Additionally, 
the expression of ToxA was induced in Fries medium and minimal medium 
without sucrose. Nevertheless, the expression of ToxA was much lower than 
Tox3 in the tested media. The results in this chapter provide a sketch of how 
nutrients affect the expression of NE genes and were utilized as culture 
condition for expressing ToxA and Tox3 in the following chapters. 
 
In chapter 4, several different forms of analyses were conducted on the ToxA 
promoter to identify the potential factors involved in the regulation of ToxA. 
Promoter deletion assays revealed that no cis-regulatory element other than the 
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TATA box was active within the ToxA promoter. Subsequent yeast one-hybrid 
assay also failed to recognize a regulator interacting with the ToxA promoter. 
The interaction of PnPf2 and its putative binding sites on the ToxA promoter was 
also examined in this chapter. Despite PnPf2 being demonstrated to positively 
regulate the expression of ToxA, I was unable to experimentally verify that PnPf2 
interacted with the putative binding sites on the ToxA promoter. Interestingly, 
ToxA promoter with TATA box was found to activate during fungal growth in vitro 
and in planta and was able to induce strong expression in the absence of ToxA. 
Consequently, it is proposed that ToxA may be regulated at elongation or 
post-transcriptional stage.  
 
In chapter 5, PnCon7 was identified and characterized in P. nodorum. PnCon7 
is a C2H2 zinc finger transcription factor that binds to the cis-regulatory element 
Tox3-URE1 on the Tox3 promoter to regulate gene expression. Transcript 
analysis revealed that PnCon7 was alternatively spliced to generate four splicing 
variants and three of which interacted with Tox3-URE1. Silencing of PnCon7 
showed dose-dependent down-regulation of Tox3 expression. Moreover, 
PnCon7-silenced transformants were less pathogenic on wheat. These further 
indicated the direct role of PnCon7 on the expression of Tox3. Gene expression 
measurements of the two other NE genes, ToxA and Tox1, also decreased in the 
PnCon7 silencing transformants. However, unlike Tox3, the expression of ToxA 
and Tox1 was not dose-dependent on the expression of PnCon7 and no obvious 
Tox3-URE1 was recognized on their promoters suggesting an indirect regulatory 
role of PnCon7 on ToxA and Tox1. Phylogenetic analysis revealed that Con7 
was highly conserved in ascomycetes. Moreover, Con7 orthologs in two other 
pathogenic fungi, Magnaporthe oryzae and Fusarium oxysporum also showed 
Shao-Yu Lin /Thesis 2017 
 145 
the ability to control expression of virulence effectors. This suggests Con7 may 
be a universal transcription factor in pathogenic fungi for controlling expression 
of virulence effectors. 
 
Although in this thesis I achieved the main goals stated at the beginning of this 
study, several questions remain to be addressed in future studies. 
 
Chapter 3  
 How does P. nodorum sense the nutrients and induce the expression of 
Tox3? 
 Does the nutrient-based induction of Tox3 correlate with the expression of 
PnCon7? 
 What is the signal(s) from leaf washings that induces the expression of 
Tox3? 
 Although yeast extract largely responsible for the induction of Tox3 
expression, what is the effect of a combination of other nutrients in Fries 
medium? 
 What is the mechanism of thiamine controlling gene expression in fungi? 
Does thiamine directly bind to the promoters or act as a cofactor for some 
transcription factors? 
 
Chapter 4 
 Is there connectivity between PnPf2 and PnCon7 to regulate the expression 
of ToxA? 
 Does RNAi or elongation blockage happen on ToxA? Is there a pause site on 
the ToxA gene? 
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 What are the regulatory mechanisms that contribute to the expression of 
ToxA? 
 
Chapter 5 
 What is the role of alternative splicing on the function of PnCon7? 
 What is the function of the alternative splicing variants of PnCon7? 
 How P. nodorum generate different alternative splicing variants? 
 What is the required sequence consensus within Tox3-URE1 for PnCon7 
binding? Can we use this sequence to identify other genes within the P. 
nodorum promoter (or even other fungi) directly regulated by PnCon7? 
 StuA in Aspergillus has been alternatively spliced into two variants which 
may each have different translational efficiency (Miller et al., 1992). The StuA 
ortholog in P. nodorum (SnStuA) is not alternatively spliced but plays a role 
(like indirect) in the expression of Tox3. Is there any relation between 
SnStuA and PnCon7?  
 How does PnCon7 regulate the expression of ToxA and Tox1? 
 
In conclusion, this research has significantly improved our understanding of 
transcriptional regulation of NE genes in P. nodorum. Furthermore, due to results 
from ToxA and PnCon7 (alternative splicing), post-transcriptional regulation is 
recognized as important for regulating expression of NE gene in P. nodorum. 
The results in this thesis serve as a basis for us to understand the infection 
strategies of this fungus and may result in development of new targets for 
disease control. 
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Appendix 
 
Table 6.1 Primers used in this study 
*Lower case represents overlapping sequences used for Gibson assembly. 
 
Name sequence 5'→3' purpose 
Gibson assembly primers 
PAN-TOX3PRO-F1 tgtttagaggtaatccttctttCTGGCAGAACTATTTGCAGTGA pTox3(Tox3)GFP construct 
TOX3-GFP-R1 ccgccaccgccCTCCCCTCGTGGGATTGC pTox3(Tox3)GFP construct 
TOX3-GFP-F1 cacgaggggagggcggtggcggtggcATGGTGAGCAAGGGCGAG pTox3(Tox3)GFP construct 
GFP-TOX3TER-R1 gctgctacaccTTATCTAGATCCGGTGGATCCC pTox3(Tox3)GFP construct 
GFP-TOX3TER-F1 gatctagataaGGTGTAGCAGCACACGTACA pTox3(Tox3)GFP construct 
TOX3TER-PAN-R1 cttacacagtacacgaggacttGTAGGAACTTAGCCTATAACTGCG pTox3(Tox3)GFP construct 
PAN-TOXAPRO-F1 tgtttagaggtaatccttctttGCTAGTTTCGCTCAGTGTGG pToxA(ToxA)GFP construct 
TOXA-GFP-R1 ccgccaccgccATTTTCTAGCTGCATTCTCCA pToxA(ToxA)GFP construct 
TOXA-GFP-F1 agctagaaaatggcggtggcggtggcATGGTGAGCAAGGGCGAG pToxA(ToxA)GFP construct 
GFP-TOXATER-R1 gtgcttgctcgTTATCTAGATCCGGTGGATCCC pToxA(ToxA)GFP construct 
GFP-TOXATER-F1 gatctagataaCGAGCAAGCACTTGTTCTGT pToxA(ToxA)GFP construct 
TOXATER-PAN-R1 aaacgacggccagtgccaagctTTGACAAGTCTGCCCCACG pToxA(ToxA)GFP construct 
PAN-TOX3-F1 tgtttagaggtaatccttctttATGCATTTTACAAAGTTCCTCC ∆p(Tox3)GFP construct 
PAN-TOXA-F1 tgtttagaggtaatccttctttATGCGTTCTATCCTCGTACTTC ∆p(ToxA)GFP construct 
PAN-TOXAPRO-F1002 tgtttagaggtaatccttctttTAGCGTCTGAGGAAAGCC ToxA promoter deletion assay 
PAN-TOXAPRO-F543 tgtttagaggtaatccttctttATCAGTTCACGTGCAGAATTGA ToxA promoter deletion assay 
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PAN-TOXAPRO-F481 tgtttagaggtaatccttctttTTGAAAGGACCGAACTGG ToxA promoter deletion assay 
PAN-TOXAPRO-F407 tgtttagaggtaatccttctttTGGAATGCATGGAGGAGTTC ToxA promoter deletion assay 
PAN-TOXAPRO-F354 tgtttagaggtaatccttctttTCGGAGGTGCACATGGTCTC ToxA promoter deletion assay 
PAN-TOXAPRO-F224 tgtttagaggtaatccttctttCGTCCGGCTACCTAGCAATAAG ToxA promoter deletion assay 
PAN-TOXAPRO-F204 
tgtttagaggtaatccttctttAGATTCTGTGTATATAAAGGGCTAAG
G ToxA promoter deletion assay 
PAN-TOXAPRO-F194 tgtttagaggtaatccttctttATATAAAGGGCTAAGGTGTCCGTC ToxA promoter deletion assay 
PAN-TOXAPRO-F188 tgtttagaggtaatccttctttAAGGGCTAAGGTGTCCGTC ToxA promoter deletion assay 
PAN-TOXAPRO-F168 tgtttagaggtaatccttctttTTGATAAAACCACCACCCTCAAC ToxA promoter deletion assay 
PAN-TOXAPRO-F102 tgtttagaggtaatccttctttCCATCGGTATCCAACTCCAACT ToxA promoter deletion assay 
TOXAPRO407-GFP-R1 ttgctcaccatGACCTATATTCATTCATTGTCAGCT ToxA promoter deletion assay 
PAN-TOX3PRO-F279 tgtttagaggtaatccttctttTCTCGCCATTGCCTAGCATC Tox3 promoter deletion assay 
PAN-TOX3PRO-F237 tgtttagaggtaatccttctttCTCCACCTATCCTAATCTAG Tox3 promoter deletion assay 
PAN-TOX3PRO-F212 tgtttagaggtaatccttctttGACGTCAGACTTTAGGTAATAGAGTC Tox3 promoter deletion assay 
PAN-TOX3PRO-F163 tgtttagaggtaatccttctttCTCTGGATCCACGAACTTAACT Tox3 promoter deletion assay 
TOX3PRO-GFP-R1 ttgctcaccatAGCCTATGTTGTGACCTACAGC Tox3 promoter deletion assay 
09974-F1 acgacgtaccagattacgctcatATGGCGATCTATCAGCGCAA yeast one-hybrid assay 
09974-R1 tatcgatgcccacccgggtggTTACCTGCGCGTCTGATGC yeast one-hybrid assay 
08362-F3 acgacgtaccagattacgctcatATGGACGCAAGACAACAAGA yeast one-hybrid assay 
08362-R2 
gtatcgatgcccacccgggtggaattcTTAGTGACCCTGTTGGTACAT
CTG yeast one-hybrid assay 
pBAR-Con7-F1 aggatcactcgtcgtgtcgcccTGTTGGTGGTCGCTGTAC pCon7i construct 
pBAR-Con7-R1 ccctcgaacgtcgtcgtcgcccATCCATCAATCGCCGCC pCon7i construct 
qRT-PCR primers 
GFP-qPCR-R1 TGCTCAGGTAGTGGTTGTCG GFP qPCR 
GFP-qPCR-F1 GGTGAACTTCAAGATCCGCC GFP qPCR 
01612qPCR-F1 AACTTGGTGCGGCAATGAAT qPCR primer for 
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SNOG_01612 product  
01612qPCR-R1 
TTGAGGCGCGTATCTACCTT 
qPCR primer for 
SNOG_01612 product  
03684qPCR-F1 
GACGGCTGCCTTTCAAGATT 
qPCR primer for 
SNOG_03684 product  
03684qPCR-R1 
TCAAGGGCTGTTCCTCTTCC 
qPCR primer for 
SNOG_03684 product  
05144qPCR-F1 
GACCACCCGAACTCTACCAA 
qPCR primer for 
SNOG_05144 product  
05144qPCR-R1 
AGTATGCCTTCCATTCCGCT 
qPCR primer for 
SNOG_05144 product  
20078-F TCCAGCAACAGCACATCA Tox1 expression, Tox1qPCR 
20078-R TCCTGGAGTATGGCAAATTG Tox1 expression, Tox1qPCR 
Tox3qPCR-F AATGTCGACCGTTTTGACC Tox3 expression, Tox3qPCR 
Tox3qPCR-R GGTTGCCGCAGTTGATATAA Tox3 expression, Tox3qPCR 
08362-F8 
GTACAAGTGCGGCTGGAATG 
PnCon7 expression, 
PnCon7qPCR 
08362-R8 
AGTTCGCTTTTGACCATGCG 
PnCon7 expression, 
PnCon7qPCR 
ActinqPCRf AGTCGAAGCGTGGTATCCT 
ϒ-Actin expression, Actin 
qPCR 
ActinqPCRr ACTTGGGGTTGATGGGAG 
ϒ-Actin expression, Actin 
qPCR 
ToxAqpcr-F 
TATACTCGGACGACCTGGTG 
qRT-PCR primer for ToxA 
(SNOG_16571)  
ToxAqpcr-R 
CGCACTGTATTGGCGTTTAC 
qRT-PCR primer for ToxA 
(SNOG_16571)  
ef-F ATGATCGACGTTTCCACC qRT-PCR primer for 
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elongation factor 
ef-R 
TCAATAGCCTCGAGGAGG 
qRT-PCR primer for 
elongation factor 
other primers 
FAM-M13-F 
TGTAAAACGACGGCCAGT 
6 FAM-labeled M13 universal 
primer  
M13-Tox3-279-F1 TGTAAAACGACGGCCAGTTCTCGCCATTGCCTAGC Dnase I footprinting 
Tox3-163-R1 CGTTTTATGTACGAGACATTCTGGAC Dnase I footprinting 
M13-ToxA-481-F1 TGTAAAACGACGGCCAGTTTGAAAGGACCGAACTGG Dnase I footprinting 
ToxA-102-R1 ACGATTGTTAGATAGGACGGGATG Dnase I footprinting 
Pf2-F2 CGACGTACCAGATTACGCTCATATGTCGTCCAGCAGTACC yeast one-hybrid assay 
Pf2-R3 
TCGATGCCCACCCGGGTGGAATTCATTGCTTGAACATCAT
AGATG yeast one-hybrid assay 
Tox3BS-F1 
GGCCGCCTCCACCTATCCTAATCTAGTTAAACTCCACCTAT
CCTAATCTAGTTAAAA yeast one-hybrid assay 
Tox3BS-R1 
CTAGTTTTAACTAGATTAGGATAGGTGGAGTTTAACTAGAT
TAGGATAGGTGGAGGC yeast one-hybrid assay 
ToxABS-F1 
GGCCGCGGGCTAAGGTGTCCGTCCGGGCTAAGGTGTCCG
TCCGGGCTAAGGTGTCCGTCCA yeast one-hybrid assay 
ToxABS-R1 
CTAGTGGACGGACACCTTAGCCCGGACGGACACCTTAGC
CCGGACGGACACCTTAGCCCGC yeast one-hybrid assay 
Pf2BS-F1 
GGCCGCAAGGACCGAAAGGACCGAAAGGACCGAAAGGAC
CGAA yeast one-hybrid assay 
Pf2BS-R1 
CTAGTTCGGTCCTTTCGGTCCTTTCGGTCCTTTCGGTCCTT
GC yeast one-hybrid assay 
pf2bs-F1 
GGCCGCAAGGAAATAAAGGAAATAAAGGAAATAAAGGAAA
TAA yeast one-hybrid assay 
pf2bs-R1 CTAGTTATTTCCTTTATTTCCTTTATTTCCTTTATTTCCTTGC yeast one-hybrid assay 
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p53BS-F1 GGCCGCAGACATGCCTAGACATGCCTAGACATGCCTA yeast one-hybrid assay 
p53BS-R1 CTAGTAGGCATGTCTAGGCATGTCTAGGCATGTCTGC yeast one-hybrid assay 
08362-R4 TAGACAGTGGAAAGCGGATG PnCon7 expression analysis 
08362-F5 ATGGACGCAAGACAACAAGA PnCon7 expression analysis 
 
